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Abstract

ABSTRACT
The ballast layer is the most important component of the railway track infrastructure. It
is subjected to both the traffic load and the exposure to environment changes. In
consequence, the ballast bed deforms and degrades highly affecting the performance of
the railway track. Therefore, it is imperative to investigate in detail the deformation
behaviour and degradation characteristics of ‘fresh’ ballast for typical loading and
drainage conditions specific to railway tracks. Also, it is necessary to identify the
factors that highly affect their variation. Better design of ballasted foundation provides
higher track performance and ensures reduced maintenance costs. Also, the degradation
caused by traffic loading (in field conditions) requires proper measure based on the
Australian specifications in order to effectively plan the ballast-cleaning cycles so the
maintenance costs are kept under control. Furthermore, it is necessary to establish the
potential of using recycled aggregates (obtained from sieving the spoil from ballast
maintenance processes) for the construction of railway tracks keeping in this way the
maintenance cost to a minimum.

In order to further bring light to the behaviour of railway ballast, ‘fresh’ and recycled
ballast specimens were subjected to monotonic and repeated loading in large-scale
equipment (consolidation cell and cylindrical triaxial apparatus).

Also, a unique

prismoidal testing rig was designed and constructed to investigate the behaviour of
railway ballast under dynamic true triaxial loading specific to in-service conditions. The
fully instrumented equipment enables the measurement of: vertical pressures at different
i
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depth inside the ballast bed, lateral pressure developed within ballast layer, vertical and
lateral plastic flow of ballast specimen upon loading.

The results show that the ballast shear strength, degradation and plastic deformations
(vertical and horizontal) are functions of the ballast type, confinement level, load
magnitude, and are also related to the number of loading cycles. The most conspicuous
observation is that independent of ballast type, gradation, maximum particle size and
loading and drainage conditions, the grains crushing highly affect the strength and
deformation characteristics of ballast. It was also observed that the degradation is
always larger for coarser fractions of gradations modelled.

The recycled ballast

displayed higher deformation and degradation when compared with ‘fresh’ ballast. A
higher level of confinement of recycled ballast or restraint of lateral flow (geotextile
inserts) may reduce the deformation and degradation of recycled ballast. Furthermore, a
degradation index for the field conditions was proposed that properly quantifies the
extent of ballast fouling and can be used to predict the ballast-cleaning cycles.
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Epigraph

EPIGRAPH
“Completion of the Sydney-Perth standard gauge line is the fulfillment of the
century-old dream of a single line spanning the continent.”

I. Sinclair, M.P.,
Minister for Shipping and Transport, Commonwealth Government
Melbourne, 1970
foreword to “All Stations West” by G. H. Fearnside

"….ninety years too late in one sense, nine months early in another”……….”When
the United States linked their transcontinental railway a one word telegram went
around the world; done. Here in Darwin it's a case of done and well done, as all
our mainland capitals are now connected to Darwin by Standard Gauge as of this
day."

Tim Fischer,
former Deputy Prime Minister,
Special Envoy to the Adelaide to Darwin railway line
25 September 2003
on the railway linking south to north completed with the symbolic securing of clips
linking the last sleepers to the line, at Darwin's East Arm Wharf

v

TABLE OF CONTENTS
Abstract
Acknowledgements
Epigraph
Table of Contents
List of Tables
List of Figures
List of Symbols
CHAPTER 1 – INTRODUCTION
1.1 BACKGROUND
1.2 STATEMENT OF PROBLEM
1.3 RESEARCH OBJECTIVES
1.4 SCOPE OF RESEARCH
1.5 THESIS STRUCTURE

i
iii
v
vi
xvii
xxi
xxxi
1
4
9
10
11

CHAPTER 2 – CRITICAL REVIEW OF GRANULAR MEDIA WITH SPECIAL
REFERECE TO RAILWAY BALLAST
2.1 INTRODUCTION
14
2.2 GENERAL PHYSICAL PROPERTIES OF BALLAST
15
2.2.1 Ballast Functions
15
2.2.2 Forces Generated On Ballast Layer
18
2.2.2.1 Vertical Forces
19
2.2.2.2 Lateral Forces
20
2.2.2.3 Longitudinal Forces
22
2.2.2.4 Dynamic Analysis
22
2.2.3 Ballast Selection Criteria
24
2.2.3.1 Ballast Source Evaluation
24
a. Identification and Composition
26
b. Aggregates Durability and Strength Tests
28
c. Stability
28
2.2.3.2 Ballast Production
29
a. Particle Shape and Surface Characteristics
29
b. Gradation and Grains Size
30
2.3. COMPRESSIBILITY CHARACTERISTICS OF GRANULAR MEDIA
WITH SPECIAL REFERENCE TO RAILWAY BALLAST
33
2.3.1 Introduction
33
2.3.2 Large-Scale Oedometer Test
33
2.3.3 Compression Mechanism
34
2.3.4 Factors Controlling The Compressibility of Granular Media
36
2.3.4.1 Influence of Relative Density
36
2.3.4.2 Influence of Grain Size
37
2.3.4.3 Influence of Gradation
40
2.3.4.4 Influence of Grain Shape
42
2.3.4.5 Influence of Hardness of Grains
42

2.3.4.6 Influence of Saturation
43
2.3.5 Empirical Compression Models for Granular Media
43
2.4. STRENGTH AND DEFORMATION CHARACTERISTICS OF BALLAST
IN COMPARISON WITH ROCKFILL AND SAND
49
2.4.1 Introduction
49
2.4.2 Large-Scale Triaxial Test
50
2.4.3 Semi-Confined Test Devices
50
2.4.4 Shear Mechanism During Monotonic Loading
50
2.4.5 Factors Controlling Shear Strength of Granular Media
55
2.4.5.1 Influence of Level of Normal Stress
55
2.4.5.2 Influence of Relative Density
56
2.4.5.3 Influence of Grain Characteristics
57
2.4.5.4 Influence of Dilatancy Ratio
60
2.4.6 Deformation Mechanism Under Repeated Loads
61
2.4.7 Factors Controlling Deformation Under Repeated Loading
63
2.4.7.1 Influence of Loading Conditions (level, sequence, frequency)
63
2.4.7.2 Influence of Initial Density
69
2.4.7.3 Influence of Material Properties
70
2.4.8. Empirical Models for the Strength and Deformation of Granular
Media
73
2.4.8.1 Shear Strength of Granular Media
73
2.4.8.2 Plastic Deformation
78
2.4.8.3 Elastic Deformation
84
2.5. DEGRADATION OF GRANULAR MEDIA PARTICLES
87
2.5.1 Crushing Mechanism
87
2.5.2 Factors Affecting Particle Breakage
89
2.5.2.1 Influence of State and Level of Stress
89
2.5.2.2 Influence of Material Properties
91
a. Particle Shape and Surface Characteristics
91
b. Gradation and Grains Size
92
2.5.2.3 Effect of Particle Breakage on Strength and Deformability
93
2.6. CONCLUDING REMARKS AND RELVANCE TO CURRENT RESEARCH 95
CHAPTER 3 – REVIEW OF STRESS-STRAIN MODELS FOR GRANULAR
MEDIA
3.1 INTRODUCTION
99
3.2 ELASTO-PLASTIC MODELS
100
3.2.1 Non-Linear Hyperbolic Model
100
3.2.2 Lade’s Elasto-Plastic Mode1
102
3.2.2.1 Elastic Strains
104
3.2.2.2 Plastic Collapse Strain Increment
104
3.2.2.3 Plastic Expansive Strain Increment
105
3.2.3 Elliptic Cap Model
106
3.2.3.1 Elastic Strain Increment
107
3.2.3.2 Equation of Yield Loci
108
3.2.3.3 Plastic Strain Increment
108

3.2.4 Variable Moduli Model
3.3 RESILIENT BEHAVIOUR MODELS
3.2.1 Boyce’s Model
3.2.2 Pappin and Brown’s Model
3.4 CONCLUDING REMARKS AND RELEVANCE TO CURRENT
RESEARCH
CHAPTER 4 – TEST EQUIPMENT AND CALIBRATION
4.1 INTRODUCTION
4.2 EXPERIMENTAL APPARATUS
4.2.1 Large-Scale Consolidation Cell
4.2.1.1 General Layout
4.2.1.2 Consolidation Cell
4.2.1.3 Loading System
4.2.1.4 Strain Measuring System
a. Vertical Displacement Measurement
b. Radial and Vertical Strain Measurement
4.2.2 Large-Scale Triaxial Equipment
4.2.2.1 General Layout
4.2.2.2 Triaxial Chamber
4.2.2.3 Vertical Loading Unit
4.2.2.4 Air Pressure and Water Control Unit
4.2.2.5 Pore Pressure Measurement
4.2.2.6 Axial Displacement and Volumetric Change Measurements
4.2.3 Large-Scale Process Simulation True Triaxial Rig
4.2.3.1 Introduction
4.2.3.2 Cubicle (Prismoidal) Triaxial Cell
4.2.3.3 Axial Loading Unit
a. Hydraulic Power Unit
b. Hydraulic Power Circuit
d. Instrumentation
4.2.3.4 Confining Pressure Control System
a. Ballast Confinement System
b. Instrumentation
4.2.3.5 Horizontal and Vertical Displacement Monitoring Devices
4.3 CALIBRATION OF INSTRUMENTATION AND CORRECTION OF
COLLECTED DATA
4.3.1 Introduction
4.3.2 Large-Scale Consolidometer
4.3.2.1 Calibration of the Applied Axial Stress
4.3.2.2 Calibration of the Horizontal and Vertical Strain Gauges
4.3.3 Large-Scale Triaxial Apparatus
4.3.3.1 Calibration of the Applied Axial Stress
4.3.3.2 Calibration of the Pressure Transducers
4.3.3.3 Calibration of the Volume Change
4.3.3.4 Membrane Correction

109
112
112
114
117
120
121
121
121
121
123
124
124
124
125
125
126
128
129
130
131
133
133
134
138
138
139
140
141
141
142
142
147
147
148
148
148
151
151
152
152
154

a. Correction for the Membrane Strength
154
b. Correction for the Membrane Penetration
159
4.3.4 Large-Scale Prismoidal Triaxial Cell
161
4.3.4.1 Calibration and Correction to the Applied Axial Load and Under-Sleeper
Pressures
161
4.3.4.2 Calibration of and the Correction to the Applied Confining Load 164
4.3.4.3 Correction to the Measured Displacement
168
4.4 CONCLUDING REMARKS AND RELEVANCE TO CURRENT
RESEARCH
169
CHAPTER 5 – MATERIALS DESCRIPTION AND TEST PROCEDURES
5.1 INTRODUCTION
5.2 MATERIALS
5.2.1 Clean Ballast
5.2.2 Recycled Ballast
5.2.3 Ballast Samples from the Field
5.3 TEST PROCEDURES
5.3.1 Characteristic Tests
5.3.2 Specimen Gradations
5.3.3 One Dimensional Compression Tests
5.3.3.1 Assembly of the Consolidation Cell
5.3.3.2 Preparation of Specimens
5.3.3.3 Test Procedure
a. Monotonic Loading With Constant Load Increment on
Dry Specimens
b. Monotonic Loading with Variable Load Increment on Dry
Specimens
c. Monotonic Loading with Constant Load Increment Subjected to
Sudden Wetting
d. Repeated Loading on Dry Specimens
5.3.3.4 Data Collection
5.3.3.5 Sample Removal and Determination of Particles Breakdown
5.3.4 Cylindrical Triaxial Tests
5.3.4.1 Preparation of Specimens
5.3.4.2 Triaxial Chamber Assembly
5.3.4.3 Test Procedure
a. Drained Compression Triaxial Tests
b. Undrained Compression Triaxial Tests
c. Drained Loading-Unloading-Reloading Tests
5.3.4.4 Sample Removal and Determination of Particles Breakage
5.3.5 Prismoidal Triaxial Tests
5.3.5.1 Preparation of the Test Box
5.3.5.2 Preparation of Specimens
a. Preparation of Subballast Layer
b. Preparation of Ballast Layer
5.3.5.3 Test Procedure

172
172
173
176
179
179
179
183
185
185
187
189
189
190
190
191
192
193
193
193
196
198
199
200
200
201
201
201
202
202
204
208

a. Consolidation Stage
b. Loading Stage
5.4 CONCLUDING REMARKS AND RELEVANCE TO CURRENT
RESEARCH
CHAPTER 6 – DEGRADATION CHARACTERISTICS OF BALLAST
IN THE FIELD
6.1 INTRODUCTION
6.2 EVALUATION OF DEGRADATION OF BALLAST SAMPLES FROM
THE FIELD
6.3 CLASSIFICATION CRITERIA FOR BALLAST FOULING
6.4 PREDICTION OF BALLAST LIFE
6.5 CLOSURE COMMENTS

208
210
212

214
215
216
226
229

CHAPTER 7 – RESULTS OF MONOTONIC AND REPEATED LOADING
TESTS - PRESENTATION AND DISCUSSION
7.1 INTRODUCTION
230
7.2 ONE DIMENSIONAL CONFINED COMPRESSION TESTS
231
7.2.1 Incremental Loading of Dry Specimens
231
7.2.2 Effect of Sudden Flooding
235
7.2.3 Stress-Strain Characteristics
237
7.2.4 Lateral Pressure
244
7.2.5 Stiffness Variation
250
7.2.6 Repeated Loading Tests
256
7.2.7 Elastic Resiliency
261
7.2.8 Particle degradation
262
7.3 CYLINDRICAL TRIAXIAL TESTS
266
7.3.1 Conventional Triaxial Drained Shear
266
7.3.1.1 Isotropic Consolidation
267
7.3.1.2 Stress-Strain Behaviour
269
7.3.1.3 Stiffness Characteristics
286
7.3.1.4 Shear strength
288
7.3.1.5 Influence of Confining Pressure on Friction Angle
299
7.3.1.6 Effect of Confining Pressure on Sample Deformation
302
7.3.1.7. Critical State of Ballast
305
7.3.1.8 Particle Breakage
307
7.3.2 Drained Loading-Unloading-Reloading Behaviour
317
7.3.2.1 Stress-Strain Behaviour
317
7.3.2.2 Stiffness Characteristics
319
7.3.2.3 Grains Crushing
322
7.3.3 Triaxial Undrained Shear
323
7.3.3.1 Effective Stress Path
324
327
7.3.3.2 (q-u-ås) Relationship
7.3.3.3 (ç.ås) Relationship
329
7.3.3.4 (u-ç) Relationship
331
7.3.3.5 Comparison between Drained and Undrained Behaviour 331

7.3.3.6 Particles Degradation during Undrained Shear
7.4 SUMMARY OF FINDINGS
7.4.1 One Dimensional Confined Compression Tests
7.4.2 Cylindrical Triaxial Tests
CHAPTER 8 – PRESENTATION AND DISCUSSION OF RESULTS OF
DYNAMIC LOADING TESTS
8.1 INTRODUCTION
8.2 RESULTS AND DISCUSSION
8.2.1 Ballast Settlement Behaviour
8.2.2 Effect of Load Variation on Sample Deformation
8.2.3 Effect of Number of Load Cycles on Deformation
8.2.4 Effect of Number of load Cycles on Vertical/Contact and Confining
Pressures
8.2.5. Strain Characteristics
8.2.6 Resilient Behaviour
8.2.7 Particle Crushing
8.3 CONCLUDING COMMENTS
CHAPTER 9 – CLOSING DISCUSSION, CONCLUSIONS AND
RECOMMENDATIONS
9.1 INTRODUCTION
9.2 RESEARCH OBJECTIVE 1
9.3 RESEARCH OBJECTIVE 2
9.4 RESEARCH OBJECTIVE 3
9.5 RESEARCH OBJECTIVE 4
9.6 RESEARCH OBJECTIVE 5
9.7 CONCLUSIONS
9.7.1. Degradation of Ballast in the Field
9.7.2 Monotonic Loading and Repeated Loading Tests
9.7.3 Dynamic Loading Tests
9.8 RECOMMENTATIONS
9.8.1 Further Work
9.8.1.1 1-D Compression
9.8.1.2 Cylindrical Triaxial Tests
9.8.1.3 True Triaxial Tests
9.8.1.4 Field Investigation
9.8.2. Further Development of Testing Equipment
REFERENCES
APPENDIX A – Dartec Console
APPENDIX B – Construction Drawings for the True Triaxial Testing Rig

336
339
339
341

344
345
345
349
350
356
359
366
367
371

374
374
378
381
383
384
384
385
385
387
388
388
388
388
389
390
390
391
431
435

List of tables

LIST OF TABLES
CHAPTER 2
Table 1. Selection criteria for railway ballast
Table 2. Petrographic properties that may represent ‘fatal flaws’
Table 3. Summary of the development of large-scale consolidation cells and the
objectives of the research
Table 4. Review of large-scale triaxial cell development and research objectives
Table 5. Main features of the large-scale semi-confined test rigs used for ballast
investigations

CHAPTER 4
Table 6. Estimated loss in the wall displacement due to friction on the displacement
devices

CHAPTER 5
Table 7. Composition of supplied recycled ballast
Table 8. Summary of the problematic sites, ballast conditions and ballast type
Table 9. Characteristic properties of the railway ballast
Table 10. Grain size characteristics of railway ballast used in present research
Table 11. Characteristics of specimens used during 1-D consolidation tests
Table 12. Characteristics of specimens used during cylindrical triaxial compression tests
xvii

List of tables

Table 13. Isotropic consolidation increments for triaxial compression tests
Table 14. Characteristic properties of subballast material
Table 15. Characteristics of ballast specimens used during prismoidal triaxial tests

CHAPTER 6
Table 16. Summary of the results from sieve analysis tests on ballast from the
problematic sites
Table 17. Variation of the grain size characteristics of railway ballast during in service
life
Table 18. Classification criteria for fouled ballast
Table 19. Fouling index of ballast from the problematic sites

CHAPTER 7
Table 20. Ko coefficients estimated during 1-D compression tests
Table 21 Average value of constrained modulus (D) for latite ballast
Table 22. Parameters of bulk modulus (K) during 1-D compression on latite ballast
Table 23. Apparent stiffness ( k

L
1D

) values during loading stage of 1-D compression on

latite ballast
Table 24. Variation of particles breakage with each grain fraction and ballast layer
Table 25. Volumetric strain at the end of isotropical consolidation for ‘fresh’ and
recycled ballast
Table 26. Parameters of initial deformation modulus (Ei) from CID tests
Table 27. Parameters for the principal stress ratio at peak (σ1’/σ3’)p from CID tests
Table 28. Shear strengths parameters used in Eqs. 7.22 and 7.23 for ‘fresh’ and recycled
ballast
xviii

List of tables

Table 29. Angle of internal friction parameters used in Eqs. 7.24 and 7.25 for ‘fresh’
and recycled ballast
Table 30. Dilation parameters used in Eq. 7.26 for ‘fresh’ and recycled ballast
Table 31. Parameters of CSL for ‘fresh’ and recycled ballast
Table 32. Particle breakage index for both ‘fresh’ and recycled ballast for different
gradations, initial densities and confining pressures
Table 33. Strength parameters used in Eqs. 7.28 and 7.29 for ‘fresh’ and recycled ballast
Table 34. Strains at peak shear stress during loading-unloading-reloading tests
Table 35. Particle breakage index for ‘fresh’ ballast during loading-unloading-reloading
tests
Table 36. Particle breakage index for ‘fresh’ ballast for different gradations and preshear consolidation stress
Table 37. Strength parameters used in Eqs. 7.29 and 7.32 for ‘fresh’ ballast

Chapter 8
Table 38. Settlement after first load cycle and material constants used in Eq. 8.1 for
‘fresh’ and recycled ballast
Table 39. Strains developed by the ‘fresh’ and recycled railway ballast during the
dynamic tests
Table 40. Constants employed in the ‘contour model’ of resilient characteristics of both
‘fresh’ and recycled ballast
Table 41. Grains breakage index for ‘fresh’ ballast recorded at various number of cyclic
load application

xix

List of figures

LIST OF FIGURES

CHAPTER 1
Figure 1. Railway Services Australia of New South Wales railway network
Figure 2. Localised attrition of ballast at Bullaburra, on the Blue Mountains line, New
South Wales, Australia
Figure 3. Ponding water in the load bearing ballast at Chester Hill, on the Sydney’s
Metropolitan line, Australia
Figure 4. Section of track with fouled ballast at East Hills, on Sydney’s metropolitan
line, Australia
Figure 5. Contaminated ballast from jetting (pumping) action at Shellharbour, on the
Southern lines, New South Wales, Australia

CHAPTER 2
Figure 6. Components of a conventional track structure
Figure 7. Distribution of wheel load into the track foundation
Figure 8. Gap effect on track structure damage
Figure 9. Main line particle size distribution boundaries adopted by some railway
systems
Figure 10. Axial strains observed during repeated load 1-D
Figure 11. Compressibility of rockfills as function of particle size
xxi

List of figures

Figure 12. Compression Index vs maximum particle size
Figure 13. Vertical strain vs coefficient of uniformity
Figure 14. Effect of time and water on settlement of rockfill
Figure 15. Compressibility of rockfills in dry and saturated states
Figure 16. Dependence of ballast compressibility on initial density and number of load
repetitions
Figure 17. Effect of relative density or void ratio on shear strength of sand during
drained triaxial tests
Figure 18. Effect of initial void ratio on angle of internal friction
Figure 19. Effect of confining pressure on the dilatancy rate at failure
Figure 20. Typical development of strains during repeated load test and definition of
resilient strain
Figure 21. Effect of degree of unloading on resilient modulus
Figure 22. Strain development
Figure 23. The effect of stress reversal on soil stiffness
Figure 24. Simple model of the behaviour of granular materials under cyclic loading
Figure 25. Permanent strain accumulation for different loading sequences
Figure 26. Variation of resilient modulus with grain size
Figure 27. Schematic illustration of contribution of sliding friction, dilation, remoulding
and crushing to the measured Mohr envelope for drained tests on sand
Figure 28. The sawtooth model of dilatancy
Figure 29. Variation of secant angle of shearing resistance φ’
Figure 30. Definition of resilient modulus
Figure 31. Variation of grain size distribution produced by particle breakage
Figure 32. Stress ratio at failure versus particle breakage
xxii

List of figures

Figure 33. Effect of particle breakage on compressibility from oedometer tests

CHAPTER 3
Figure 34. Definition of Lade model conical and spherical yield surfaces and the
components of plastic strain increments superimposed in triaxial plane
Figure 35. Definition of the elliptic cap yield surface
Figure 36. Definition of parameters for Boyce’s model

Chapter 4
Figure 37. Longitudinal section through large-scale consolidometer
Figure 38. Position of electrical strain gauges on the consolidation cell walls
Figure 39. Schematic diagram of the triaxial loading unit
Figure 40. Specimen set-up inside the triaxial chamber
Figure 41. View of the triaxial cell set for a test
Figure 42. General view of the process simulation true triaxial rig
Figure 43. Section through the process simulation true triaxial rig ready for testing
Figure 44. Schematic diagram of the process simulation true triaxial rig
Figure 45. Detail of the measurement devices for lateral displacement
Figure 46. Selected grid for monitoring the internal deformation of the ballast layer
Figure 47. Settlement points at the top of load bearing ballast
Figure 48. Arrangement for the measurement of vertical deformations
Figure 49. Calibration curve for the applied axial stress
Figure 50. Calibration of horizontal strain gauges
Figure 51. Calibration of vertical strain gauges
Figure 52. Calibration of the axial loading unit
xxiii

List of figures

Figure 53. Calibration of the voluminometer measurement
Figure 54. Correction of volume change measurements
Figure 55. Schematic diagram of buckling of membrane
Figure 56. Comparison of correction given by Henkel and Gilbert and Kurbis and Vaid
methods at lower and higher range of confining pressure
Figure 57. Correction to the axial force applied on the segment of timber sleeper
Figure 58. Calibration and correction relationships for the pressure cells for undersleeper load monitoring
Figure 59. Calibration and correction relationships for the load cells for load monitoring
at ballast/sub-ballast interface
Figure 60. Calibration and correction of the load cells controlling the confining force on
the E and W walls
Figure 61. Calibration and correction of the load cells controlling the confining force on
the N and S walls
Figure 62. Calibration of the confining pressure
Figure 63. Calibration and correction of the applied confining force
Figure 64. Calibration setup for the outwards displacements

Chapter 5
Figure 65. Particle size distribution of supplied clean ballast
Figure 66. Photomicrograph of latite/basalt
Figure 67. Particle size distribution of supplied recycled ballast
Figure 68. Photomicrograph of hornfels
Figure 69. Gradations designed for the cylindrical triaxial test for both fresh and
recycled ballast
xxiv

List of figures

Figure 70. View of the cylindrical triaxial specimen ready for test
Figure 71. Particle size distribution of material used as sub-ballast during prismoidal
triaxial test
Figure 72. Compaction of sub-ballast layer
Figure 73. Geofabric insertion at ballast/sub-ballast interface
Figure 74. Installation of the settlement devices and the load cell at ballast/sub-ballast
interface
Figure 75. Installation of the load cell at the interface sleeper/load bearing ballast
Figure 76. Prepared specimen ready for testing
Figure 77. Instrumentation used to monitor all load cells during test development
Figure 78. Specimen during consolidation stage

Chapter 6
Figure 79. Representative particle size distribution for field samples
Figure 80. Variation of grain sizes in service (clean ballast vs field samples)
Figure 81. The ballast fouling categories and their range

Chapter 7
Figure 82. Representative applied stress-settlement-time curves for static
1D - compression tests with constant stress increments on dry latite ballast
Figure 83. Time-settlement curves for each load increment during the 1D-compression
with constant load increments
Figure

84.

Representative

applied

stress-settlement-time

curves

for

static

1D - compression tests with variable stress increments on dry latite ballast

xxv

List of figures

Figure 85. Time-settlement curves for each load increment during the 1D-compression
with variable load increments
Figure 86. Effect of sudden flooding on ballast settlement
Figure 87. Stress-strain relationship during the one-dimension compression
Figure 88. One-dimensional compressive model for Bombo ballast
Figure 89. Lateral stress variation during the one-dimensional compression
Figure 90. Ko variation during the one-dimensional compression
Figure 91. e-ln p' characteristics of fresh ballast during the 1-D compression
Figure 92. Influence of axial stress variation on constrained modulus during loading in
the compression cell
Figure 93. Estimation of the coefficients of K of fresh ballast for loading stage of
1-D compression
Figure 94. Comparison of measured data and void ratio model for 1-D compression at
lower stress level
Figure 95. Variation of axial strain with each cycle during initial loading-unloading
stage on latite ballast
Figure 96. Variation of settlement with number of loading cycles
Figure 97. Variation of lateral pressure with number of loading cycles
Figure 98. Variation of particle size distribution during one-dimensional compression
Figure 99. Typical variation of particle distribution with grain size corresponding to
each layer for Bombo latite (repeated loading-unloading test)
Figure 100. Effect of confining pressure, gradation and initial compaction on the
volumetric strains during isotropic consolidation: (a) ‘fresh’ latite basalt
ballast; (b) recycled ballast from St Marys

xxvi

List of figures

Figure 101. Stress-strain behaviour during CID tests at different confining pressure
values on ‘fresh’ ballast (gradation A)
Figure 102. Stress-strain behaviour during CID tests at different confining pressure
values on ‘fresh’ ballast (gradation B)
Figure 103. Stress-strain behaviour during CID tests at different confining pressure
values on ‘fresh’ ballast (gradation C)
Figure 104. Stress-strain behaviour during CID tests at different confining pressure
values on recycled ballast (gradation D)
Figure 105. Stress-strain behaviour during CID tests at different confining pressure
values on recycled ballast (gradation E)
Figure 106. Stress-strain behaviour during CID tests at different confining pressure
values on recycled ballast (gradation F)
Figure 107. Stress-strain behaviour during CID tests at different confining pressure
values on recycled ballast (gradation G)
Figure 108. Comparison of the stress-strain curves for gradation A, B and C of ‘fresh’
ballast at selected confining pressure
Figure 109. Comparison of the stress-strain curves for gradation D, E and F of recycled
ballast at selected confining pressure
Figure 110.

Stress-strain curves for recycled ballast gradation F (St Marys) and

gradation G (Chullora)
Figure 111. Influence of relative density on stress-strain curves of gradation B of ‘fresh’
ballast
Figure 112. Influence of relative density on stress-strain curves of gradation C of ‘fresh’
ballast
Fig. 113. Variation of strains of ‘fresh’ ballast
xxvii

List of figures

Fig. 114. Variation of strains of recycled ballast
Fig. 115. Variation of initial tangent modulus with the confining pressure
Fig. 116. Variation of initial Poisson ratio with the confining pressure
Fig. 117. Influence of confining pressure on principal stress ratio at peak for studied
materials
Figure 118. Mohr-Coulomb failure envelopes for ‘fresh’ ballast from Bombo quarry
Figure 119. Mohr-Coulomb failure envelopes for recycled ballast supplied from St
Marys (gradations D, E and F) and Chullora stockpile (gradation G)
Figure 120. Combined data representing the shear behaviour of ballast at a low to
medium range of confining pressure
Figure 121. Normalized stress-strength relationship for railway ballast
Figure 122. Influence of confining pressure on the angle of internal friction of ballast
Figure 123. Strength-dilatancy relationship for ‘fresh’ and recycled ballast
Figure 124. p'-q plots for drained triaxial tests of ‘fresh’ ballast (gradation B)
Figure 125. Void ratio versus mean effective stress plots for ‘fresh’ ballast (gradation
B)
Figure 126. Variation of particle distribution with grain size for ‘fresh’ ballast at selected
confining pressure, corresponding to each layer of ballast
Figure 127. Variation of particle distribution with grain size for recycled ballast at
selected confining pressure, corresponding to each layer of ballast
Figure 128. Effect of stress variation on particle breakage for both ‘fresh’ and recycled
ballast
Figure 129. Stress-strain behaviour of ‘fresh’ railway ballast during loading-unloadingreloading tests

xxviii

List of figures

Figure 130. Stress-strain variation of railway ballast during initial loading stage of
loading-unloading-reloading tests
Figure 131. Relationship between unloading-reloading modulus and confining stress for
‘fresh’ ballast
Figure 132. Undrained stress path of ‘fresh’ ballast
Figure 133. Normalized stress paths with respect to po during undrained shear tests on
‘fresh’ ballast
Figure 134. (q-u-εs) relationships of ‘fresh’ ballast during undrained shear tests
Figure 135. (η− εs) relationships of ‘fresh’ ballast during undrained shear tests
Figure 136. Relationships between pore water pressure and stress ratio of ‘fresh’ ballast
Figure 137. Points of maximum stress ratio and peak deviator stress in undrained tests
Figure 138. Comparison of peak deviator stress points between drained and undrained
tests
Figure 139. (η−εs) relationships of ‘fresh’ ballast during drained and undrained tests
Figure 140. Effect of undrained shear on particle breakage for ‘fresh’ ballast

Chapter 8
Figure 141. Variation of settlement with number of load application for ‘fresh’ ballast
Figure 142. Variation of settlement with number of load application for recycled ballast
Figure 143. Observed settlement during cyclic loading of ‘fresh’ compared with outputs
from predictive formulae
Figure 144. Variation of settlement of ‘fresh’ ballast with log N
Figure 145. Variation of settlement of recycled ballast with log N
Figure 146. End of test settlement profile under 25 tonne/axle of specimen prepared with
‘fresh’ ballast
xxix

List of figures

Figure 147. End of test settlement profile under 25 tonne/axle of specimen prepared with
recycled ballast
Figure 148. Ballast and capping layers settlement contribution to the total settlement
Figure 149. Variation of contact pressure at the sleeper/ballast and ballast/sub-ballast
interfaces for the 30 tonne/axle load test on recycled ballast specimen
Figure 150. Variation of confining pressure measured on the test box walls for the 30
tonne/axle load test on recycled ballast specimen
Figure 151. Major principal strains of ballast under cyclic loading
Figure 152. Intermediate principal strains of ballast under cyclic loading
Figure 153. Minor principal strains of ballast under cyclic loading
Figure 154. Volumetric strain of ballast under cyclic loading
Figure 155. Shear strain of ballast under cyclic loading
Figure 156. Typical resilient characteristics of railway ballast under cyclic loading
Figure 157. Change in particle size distribution in the prismoidal triaxial rig at N =
1000000 cycles
Figure 158. Variation of particles crushing index with the number of load cycles

Appendix A
Figure A1. Dartec console controls

Appendix B
Drawing 1. Semi-confined ballast test box SCTB-800x600-150
Drawing 2. Details A and B
Drawing 3. Details C and E
Drawing 4. Details D, F and G
xxx

List of figures

Drawing 5. Details H, I, J, K and L

xxxi

List of symbols

LIST OF SYMBOLS
CHAPTER 2
a

coefficient

A

constant

A′

coefficient

a′

coefficient

A1

material constant

a1

material constant

A2

material constant

b

coefficient

B

material parameters

b′

coefficient

B1

material constant

b1

material constant

B2

material constant

c

material constant

C

material parameters

c′

constant

c1

coefficient

C1

constant

C2

constant

B

B

xxxi

List of symbols

Ca

constant

Cb

constant

d

material constant

d′

coefficient

d1

coefficient

D10

size passed by 10 % of material

D50

size passed by 50 % of material

D90

size passed by 90 % of material

Dekv

equivalent/average particle size

e

void ratio

eo

initial void ratio

Er

resilient modulus

f

material constant

g

constant

h

constant

Hs

horizontal force

i

material coefficient

ID

initial relative density

j

material constant

K

loading tangent bulk modulus

k

material constant

k1

material constant

k2

material constant

Ke

unloading tangent bulk modulus

M

tangent constrained modulus
xxxii

List of symbols

N

number of load cycles

n

porosity

p'

mean effective stress

pa

atmospheric pressure

Pd

dynamic wheel load

pf′

mean effective stress at failure

Ps

static wheel load

PTX

normal stress corresponding to the median angle

qr

repeated deviator stress

qrc

shear stress in compression test

qre

shear stress in extension test

s1

settlement after the first load cycle

S1D

stiffness coefficient

S1Dmax

upper limit of S1D

S1Dmin

lower limit of S1D

sN

settlement after N number of load applications

S

standard deviation of track conditions

t

upper confidence limit

∂e

void ratio increment

∂ p′

mean effective stress increment

∂q

strength increment

∂ ε1

axial strain increment

α

vertical acceleration that initiates ballast slip

β

coefficient proportional to the sleeper pressure and peak acceleration of
ballast
xxxiii

List of symbols
β′

multiplication factor used in connection with dynamic load

χ

parameter

ΔH

settlement

Δφ′

variation of angle of internal friction or maximum angle difference

εa

axial strain

εN=1

permanent strains after first load cycle

εPN

permanent strains after N number of load cycles

ε PNa

axial strain after 100 cycles of loading

ε& Pa

axial strain rate

εr

recoverable strain

εrc

resilient compression strain

εre

resilient extension strain

εv

vertical/volumetric strain

φ′

angle of internal friction

φ′B

angle of physical friction

φ′cs

angle of shearing resistance corresponding to the critical state

φ′max

maximum angle of internal shearing resistance

φ′o

angle of internal friction corresponding to a normal stress equal to
atmospheric pressure

φ′s

secant angle of internal friction

φd

dynamic factor

η

stress ratio

η′

speed factor

θ′

bulk stress
xxxiv

List of symbols
σ′3

minor principal effective stress/effective confining pressure

σ′b

‘break point’ stress

σ′CR

reference crushing stress

σ′n

effective normal stress

σ′v

effective vertical stress

σc

uniaxial compressive strength

σn

total normal stress

σv

vertical stress

τf

shear stress at failure

CHAPTER 3
a3

constant

B′

coefficient

b3

constant

C′

parameter

c3

coefficient

c3

constant

d3

coefficient

df

increment of yield function

dsij

deviator stress increment

dWc

work increment

dεij

total strain increment

dε ije

elastic component of total strain increment

c

dε ij

plastic collapse component of total strain increment
xxxv

List of symbols
dε pij

plastic expansive component of total strain increment

dl

proportionality factor

dlp

scalar factor

Ei

initial tangent modulus

Eur

unloading-reloading modulus

f

strain hardening elliptic yield function

F

ultimate failure function

fc

yield function

fp

yield function (for expansive strains)

G

shear modulus

gc

plastic potential function

Go

initial shear modulus

gp

plastic potential function (for expansive strains)

Gr

resilient shear modulus

I′1

first invariant of strain tensor

I′2

second invariant of strain tensor

I1

first invariant of stress tensor

I2

second invariant of stress tensor

I3

third invariant of stress tensor

J2

second invariant of stress deviator

K

bulk modulus

k′

modulus number

k′3

material constant

k3

material constant

Ko

initial bulk modulus
xxxvi

List of symbols

Kr

resilient bulk modulus

kur′

unloading-reloading modulus number

L

coordinate of the center of hardening surface

m

material constant

m'

material constant

m1

material constant

m2

material constant

n′

coefficient

n1

material constant

p'

mean effective stress at failure

pa

atmospheric pressure

pm

effective mean normal stress

pr

effective resilient normal stress

q

deviator stress

qm

mean shear stress

qr

repeated deviator stress

R

ratio of the major to minor axis of elliptic yield surface

Rf

failure ratio

sij

deviator stress tensor

α

slope of failure envelope

Sm

stress path

Sr

resilient stress

Tm

mean stress

Tr

resilient stress

∂f

increment of strain hardening elliptic yield function
xxxvii

List of symbols

∂ gp

increment of potential function

∂ I1

increment of the first invariant of stress tensor

∂ J2

increment of the second invariant of stress tensor

∂ σij

stress increment

(σ1 - σ3)f

stress difference at failure

(σ1 - σ3)u

asymptotic value of stress difference

β1

material constant

δij

Kronecker delta

Δpij

increment of mean stress tensor

Δsij

increment of deviator stress tensor

Δεij

increment of mean strain tensor

Δγij

increment of mean strain tensor

εa

axial strain

εvr

resilient volumetric strain

εwr

resilient strain

γ1

material parameter

γ2

material parameter

γr

resilient shear strain

η

stress ratio

l

material constant

κ

hardening parameter

κ1

material parameter

κ2

material parameter

σ'1

major principal effective stress
xxxviii

List of symbols
σ'2

intermediate principal effective stress

σ1 - σ3

deviator stress

σ'3

minor principal effective stress/effective confining pressure

σij

stress

ξ

material parameter

ξ1

material parameter

ξ2

material parameter

CHAPTER 4
d

initial diameter of the specimen

do

initial diameter of the rubber membrane

Em

Young’s modulus of the rubber membrane

t

average thickness of the membrane

to

initial thickness of the membrane

εa

axial strain in the specimen

εam

average axial strain in the membrane

εv

volumetric strain in the specimen

εθm

average circumferential strain in the membrane

σam

axial stress developed in the membrane

σrm

radial stress developed in the membrane

CHAPTER 6
D10

effective diameter

xxxix

List of symbols

D90

diameter for which 90% by weight of sample is finer than

FID

ballast fouling index based on ratio of particle size for selected

percentage
FID-av

average value of ballast fouling index based on ratio of particle size for
selected percentage

FID-HF

fouling limit for highly fouled ballast

FIP

ballast fouling index based on sum of percentage of selected diameters

FR

ballast fouling rate for a track section or a railway corridor

LB

ballast life since previous undercutting

LBall

allowable ballast life or ballast-cleaning cycle

P0.075

percentage of grains finer than 0.075 mm

P13.2

percentage of grains finer than 13.2 mm

CHAPTER 7
a

material constant

A'

empirical coefficient obtained by non-linear regression

A1

dimensionless constant

A2

dimensionless constant

A3

empirical coefficient

A4

empirical coefficient

A5

empirical constant

A6

empirical coefficient

A7

empirical coefficient

A8

empirical coefficient

b

empirical coefficient
xl

List of symbols

B1

dimensionless constant

B2

dimensionless constant

B3

empirical coefficient

B4

empirical coefficient

B5

empirical constant

B6

empirical coefficient

B7

empirical coefficient

B8

empirical coefficient

Bg

degradation/breakage index

c

magnitude of (σ' / σ3’)p at σ3’ = 1 kPa

Ca

ballast constant

Cb

ballast constant

D

constrained (oedometer) modulus

d

empirical index

d′

ballast constant

d′′

ballast constant

Dp

dilatancy factor at peak principal stress ratio

e

void ratio at a stage during the test

E'

Young’s Modulus

ef

void ratio at the end of unloading

Ei

initial deformation modulus

Eur

unloading-reloading modulus

eo

initial void ratio or void ratio on the isotropic consolidation line

H

initial height of ballast specimens

K

tangent bulk modulus during loading stage

B

B

B

B

B

B

B

B

B

xli

List of symbols
KE

tangent bulk modulus during unloading stage

Ko

coefficient of earth pressure at rest

Kur

modulus number coefficient of earth pressure at rest

k1D E

apparent elastic stiffness for unloading stage of one-dimensional
compression

k 1D L

apparent stiffness for loading stage of one-dimensional compression

N

number of loading cycles

n'

exponent

n

porosity

p′

mean effective stress

pa

atmospheric pressure

pe

mean equivalent stress

po

pre-shear consolidation (isotropic) stress

Rp

maximum principal stress ratio

s1

settlement after the first load cycle

sE

rebound (elastic recovery) settlement of ballast layer

sN

settlement at N number of load cycles

sP

plastic (remanent) settlement of ballast layer

sT

settlement of ballast layer

(σ' / σ3’)p

principal stress ratio at peak

δp′

increment of median effective stress

δεa

increment of axial strain

δεaT

increment of total axial strain

δεv

increment of volumetric strain
xlii

List of symbols
δσa

increment of axial stress

Δe

variation of void ratio during loading stage

ΔeE

variation of void ratio during unloading stage

εa1

axial strain after the first load cycle

εaN

axial strain after N number of load cycles

ε
ε
ε

E

elastic axial strain

P

plastic axial strain

T

total axial strain

a

a

a

εv

volumetric strain

φ'

angle of internal friction

φb'

true interparticle friction angle

φp '

angle of internal friction at peak principal stress ratio

ηmax

maximum stress ratio (q/p)max

λ

slope of the isotropic consolidation line in the (e-ln p) plot

ν

Poisson’s ratio

σ 1'

axial stress (maximum principal stress)

σ 3'

confining pressure (minimum principal stress)

σa

axial stress

σc

uniaxial compressive strength of parent rock

σh

lateral stress

σn

normal stress

τf

shear strength

xliii

List of symbols

CHAPTER 8
A9

empirical constant

B9

empirical constant

Bg

degradation/breakage index

N

number of load cycles

s1

settlement after the first cycle of load

sN

settlement after N load cycles

α1

empirical coefficient

α2

empirical coefficient

α3

empirical coefficient

α4

empirical coefficient

α5

empirical coefficient

β1

empirical coefficient

β2

empirical coefficient

β3

empirical coefficient

β4

empirical coefficient

β5

empirical coefficient

ε1,N

vertical strain after N load cycles

ε1,1

vertical strain after the first load cycle

B

B

xliv

Chapter 1:

Introduction

CHAPTER 1
INTRODUCTION
1.1 BACKGROUND
The cost of a single, uneventful derailment is in the order of several million dollars, but
when the derailment is a major one involving hazardous goods in an urban area, the
consequences can cost several hundreds of millions of dollars and at times, involve
human loss (Raymond et al., 1983). These dramatic events are often associated with the
loss of cross level, track profile and track alignment due to the effect of vibrations
imposed on the track elements by complex dynamic loads. Field experience shows that
the in-situ conditions and the engineering behaviour of ballast are also important
aspects governing the stability and performance of a given railway track structure
(Trevizo, 1991; Selig and Waters, 1994).

Worldwide, the level of funding invested in railway maintenance is substantial, and a
considerable proportion of this is related to geotechnical problems of substructure
1
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layers, including the ballast layer. The railway authorities in U. S. A. spend tens of
millions of dollars annually for ballast and related maintenance costs (Chrismer, 1985).
Another large railway system of the world, the Canadian railroads, has reported
expenditure of about 1 billion dollars per year on the procurement, distribution, and
rehabilitation of ballast (Raymond et al., 1983), representing up to approximately 40
percent of their track replacement and upkeep costs. The fast train lines are facing even
higher maintenance costs.

For example, the Shinkansen line in Japan required a

maintenance and tamping operation two to three times per year, and ballast
pulverization was observed after only five years of operation, while the TGV – Sud –
Est line (Paris-Lyon) tamping and lifting operations are required every three years, after
about 40 - 50 Million Gross Tonnes of railway traffic (Eisenmann et al., 1994). They
estimated that partial renewal of deteriorated ballast may be needed after about 250
Million Gross Tonnes (MGT) traffic.

In Australia, the NSW railway network is by far the largest on the continent, operating
on standard gauge (1435 mm) on both timber and concrete sleepers, and having a total
length of about 7904 km (Abbot, 1994), of which 618 km is electrified (Figure 1).
However, the maintenance costs were proportional to the length of the network, and
during the 1992-1993 period, in excess of 1.3 million tonnes of ballast were used by the
Rail Infrastructure Corporation NSW (formerly Railway Services Authority of New
South Wales), at a cost of over 12 million Australian dollars (Ionescu et at., 1996).
Further studies (Abbott, 1994; Dawson, 1994) revealed that Railway Services Authority
of NSW levels of efficiency and productivity were well below the norms in Europe and
North America, except in coal haulage. This was attributed partly to outdated or
decaying infrastructure, and partly to over-manning and restrictive work practices
2
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(a)

(b)
Figure 1. Rail Infrastructure Corporation NSW railway network (not to scale):
(a) country network; (b) Sydney metropolitan network
(modified after Christie, 1995)
3
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(Abbott, 1994). This comes as no surprise for a railway system that still operates on 3
different rail gauges as is the case in Australia (Laird, 2003).

With the push for Government Authorities to operate as ‘private’ companies, Rail
Infrastructure Corporation needs to determine ways and means of reducing the cost of
maintenance on the extensive railway system in New South Wales. In order to reduce
these costs, a thorough understanding of the behaviour of ballast under complex
dynamic loads generated by trains is imperative.

1.2 STATEMENT OF PROBLEM
In the recent years, more emphasis has been placed on rail transportation resulting in
changed strategies for both passenger and freight traffic. Consequently, in order to
remain competitive with other transportation modes, railway authorities around the
world have increased freight tonnage, traffic speeds and frequency of trains. These
changes in the traffic characteristics have led to increased wear and localized failures of
track components from the rails down to the subgrade level, generating increased
maintenance costs. However, while some high speed railway systems have employed
rigid foundations (concrete slabs) to support the track, the size of the rail network in
Australia makes this option uneconomical, hence, the effective design and maintenance
of ballasted foundations remains the best alternative.

The ballast layer is a key component of the conventional track structure. Its importance
has grown with increasing axle loads and train speeds. Ballast is defined as the selected
crushed granular material placed as the top layer of the substructure in which the
sleepers are embedded to support the rails. Freshly placed ballast is a narrow-graded
4
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material (ie. contains a limited range of particle sizes), consisting of a large amount of
open pore space and a permeable structure. The inherent effect of traffic loads is the
deviation of track geometry (profile, alignment and cross level) from required
conditions as a result of deformations that occur in the substructure layers. When the
subgrade is stable and a proper sub-ballast exists, the track deformations occur mainly
in the ballast (Selig, 1998).

The dynamic effect of traffic causes, apart from deformation of substructure layers,
breakdown of the individual ballast particles within the structural ballast section. There
is also the additional effect of train traffic, particularly of vibrations induced in the
ballast body and the accompanying attrition of its grains (Fig. 2). This process is
continuous, and the fines generated add to those resulting from the expected weathering
of ballast grains under field environment, upward intrusion from the subgrade, air/water
borne debris and spillage from freight traffic. Under gravitational forces, the fines
migrate downwards and fill pore spaces between other particles. The fines decrease the
void volume, retain moisture and serve to further abrasion (Chrismer, 1985). As the
pores fill, the ballast loses its ability to drain the track superstructure due to a decrease
in permeability (Fig. 3).

Trapped water leads to increased pore water pressure and subsequent loss of shear
strength, stiffness and elasticity. Such a condition will lead to a reduction of track
stability and a continued deterioration of track components over time (this condition
may even occur in arid regions if water migrates upwards and accumulates under the
largely sealed ballast). When ballast is no longer able to perform its intended function,
it is said to become ‘fouled’ (Fig. 4).
5
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Figure 2. Localised attrition of ballast at Bullaburra,
on the Blue Mountains line, New South Wales, Australia

Figure 3. Ponding water in the load bearing ballast at Chester Hill,
on the Sydney’s Metropolitan line, Australia
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Figure 4. Section of track with fouled ballast at East Hills,
on the Sydney’s Metropolitan line, Australia

A fouled track condition typically is manifested by ‘pumping track’ as shown in Figure
5, for a section of a track in New South Wales, Australia. Pumping track sections are
those that exhibit pronounced movements under the dynamic loads of passing trains and
produce visible amounts of muddy water or slurry from the ballast structure or
subgrade. Fouled ballast and pumping track will lead to a loss in track geometry.
When the voids are filled and lose the capacity to hold any more fines, the ballast
becomes fouled and is considered to have reached the end of its functional life span.

In order to reduce the maintenance costs caused by the above-mentioned problems, a
proper understanding of how the ballast performs its tasks is required. Also the exact
role of the geotechnical parameters, which control this performance, needs thorough
examination. Many efforts have been made in the past to understand the engineering
7
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Figure 5. Contaminated ballast from jetting (pumping) action at Shellharbour,
on the South Coast line, New South Wales, Australia

behaviour of railway ballast by both laboratory testing (Schultze and Coesfeld, 1961;
Raymond et al. 1975, 1976; Birman, 1975; Selig and Alva-Hurtado, 1981; Norman
and Selig, 1983; Shenton, 1985; Jeffs and Marich 1987; Indraratna et al., 1997, 1998;
Ionescu et al. 1996, 1998) and field experimentation (Dalton, 1973; Trevizo, 1991;
Eisenmann et al., 1994;

Selig and Waters, 1994).

This was and still is quite a

challenging task as the engineering behaviour of ballast is affected by several physical
factors such as: particle mineralogy, grain size and shape, particle size distribution,
porosity and moisture content, together with other variables often difficult to quantify
including weathering effects and chemical attack.

The lack of quantitative relationships between the primary characteristics of ballast
aggregate and in-situ track performance has been highlighted as a major obstacle to be
overcome in track design (Chrismer, 1985; Selig, 1985; Eisenmann et al., 1994). Also
8
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the nature of particulate materials sets the ballast layer apart from other track
components. Phenomenological concepts such as pressure or stress are applicable to
fine grained cohesive substances like steel and fibrous materials including timber, and
to a large extent to consolidating soils (Jeffs and Tew, 1991). However, the ratio of the
loaded area to the size of the ballast particles, and the lack of interparticle cohesion
seriously invalidates the assumption of this layer behaving as a continuum (Feda, 1982).
A quantitative understanding of the ballast layer can only be obtained by modelling its
particulate nature. Currently, the production of even the simplest mathematical model
of the behaviour of particles involves considerable complexity (O’Reilly and Brown,
1991). In practical terms, physical modelling in the laboratory, or field trials and
experience, are the only available tools to develop a quantitative model of ballast
behaviour.

1.3 RESEARCH OBJECTIVES
The major objectives of this study are:
a) Investigation of the general stress-strain behaviour of modeled ballast under
different stress conditions. The influence of test conditions, confining stress, effect
of particle size distribution and the effect of relative density on the stressdeformation-degradation behaviour

of ballast material are studied using

conventional triaxial compression and consolidation tests.
b) Assessment of the applicability of simple existing stress-strain models to simulate
the mechanical behaviour of ballast in both loose and dense states. This entails an
experimental study to investigate the behaviour of ballast in 1-D compression and
drained and undrained shear. Where warranted, modifications are made to existing
constitutive models of granular media such as rock fill or sand to simulate the
9
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accurate ballast behaviour.
c) Design of a true triaxial (prismoidal) test rig in order to model entirely the in-track
stress and strain path. Large-scale cylindrical and prismoidal triaxial testing are
expected to be the most appropriate in order to arrive at a better understanding of
the complex phenomenon of ballast deformation and degradation under complex
dynamic loading. The effect of material geotechnical parameters that affect ballast
behaviour also needs to be quantified.
d) Evaluation of the geotechnical characteristics and the construction potential of
recycled railway ballast. Experimental work is carried out to establish the effect of
confining pressure, particle size distribution, mineralogy and relative density on the
deformation and degradation of recycled material.

The laboratory results of

recycled ballast are compared with those of ‘fresh’ quarried ballast in order to
determine the feasibility of using recycled material in the construction of railway
tracks.
e) Assessment of aspects of in field ballast degradation at various locations in NSW.
Evaluation of the degree of ballast failure and formulation of a fouling index to
classify the degradation level of in service ballast that can be employed in a better
prediction of ballast life and maintenance cycles.

1.4 SCOPE OF RESEARCH
The main focus of this project is on the experimental work, ie. to thoroughly evaluate
the engineering characteristics of ballast under varied and complex load conditions, and
to determine which geotechnical parameters most affect ballast behaviour. The findings
should contribute to a more efficient design of the ballast layer and therefore minimize
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its deformation and rate of degradation (hence, track settlements), and consequently
reduce maintenance costs.
The research activities of this project include five main stages, namely:
(a) review of past literature regarding the engineering behaviour of railway ballast,
(b) critical review of stress-strain theories developed for sand and rockfill, and their
applicability to railway ballast,
(c) design, construction, calibration and full instrumentation of a new prismoidal
triaxial test rig,
(d) completion of the experimental program,
(e) development of relationships to evaluate the deformation and degradation of
ballasted foundations of railway tracks based on the collected data,
(f) estimation the ballast life in field based on the fouling index of ballast.

1.5 THESIS STRUCTURE
A review of the literature is presented in Chapter 2 that begins with a brief background
to the structure of railway tracks, followed by a discussion on the loads encountered in
typical track and the behaviour of the track materials under those loads. The ballast
selection criteria are concisely discussed followed by a critical review of work on the
compressibility of cohesionless materials along with published research on railway
ballast compressibility. This is followed by a presentation of work on the strength
characteristics of granular media versus those of railway ballast.

Similarities and

differences in the behaviour of various cohesionless materials are then examined.
Stress-strain criteria that represent the behaviour of granular media and their
applicability to railway ballast are presented before concluding with a discussion on the
materials testing methods.
11
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A brief review of the relevant stress-strain theories for granular media is presented in
Chapter 3 with the emphasis on those models that are most likely to best describe the
behaviour of railway ballast.

Chapter 4 explains the layout of the existing large-scale test equipment and the
modifications required to enable the experimental program on railway ballast. The
Chapter then describes the layout of the new true triaxial testing rig designed and
erected in order to enable a better simulation of the in-field loading conditions before
describing the calibration of instrumentation and various devices used during the
experimental work.

Chapter 5 describes the materials used for this study and their physical characteristics.
This Chapter concludes with the set-up of each laboratory investigation phase
performed to quantify the geotechnical properties of ballast and examine the behaviour
of ballast under various loading conditions.

Chapter 6 presents first the degradation characteristics of ballast samples from the field
then it presents the proposed fouling index and the fouling classification criteria to be
used for the estimation of ballast degradation in the field. Then a proposed method for
the prediction of ballast life is presented, which can be employed for a better forecast of
the maintenance cycles.

Chapter 7 covers the test data from the monotonic tests on both ‘fresh’ and recycled
ballast followed by the interpretation of the experimental results.
concludes with the comparison of ‘fresh’ and recycled ballast behaviour.
12
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Introduction

Chapter 8 describes the test data from the dynamic tests using the new test devise on
both ‘fresh’ and recycled ballast followed by the interpretation of the experimental
results. Also, the comparison of ‘fresh’ and recycled ballast behaviour is included in
this Chapter.

Chapter 9 includes the conclusions of the study and recommendations for further
research. The Chapter concludes with the proposed modifications to existing standards
and new design guidelines based on the findings of this study. This is followed by a list
of references and the Appendices.
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CHAPTER 2
CRITICAL REVIEW OF GRANULAR
MEDIA WITH SPECIAL REFERENCE TO
RAILWAY BALLAST
2.1 INTRODUCTION
In many countries prosperity in agriculture and minerals industry depends on the
efficiency of rail freight systems. However, the performance of a railway track is
highly affected by the complex interaction of its components in response to train
loading. Hay (1982) reported that majority of track failure and maintenance costs are
related to the track substructure. According to Li and Selig (1995), track substructure
comprising of subgrade, subballast and ballast layers, needs to be designed properly to
minimize maintenance costs that are often associated with the loss of track stiffness
(resiliency), changes in track geometry and its roughness as well as ground settlement.

14

Chapter 2: Critical review of granular media with special reference to railway ballast

Alias (1984) stated that the track performance mainly depends on the thickness of the
ballast layer and the corresponding track deformation and degradation characteristics.

In the past, research was less concerned with the ballast behaviour and especially with
the factors that affected it. This might have been caused by the unique structure of
railway ballast (uniform gradation, coarser grains, larger voids, no fines) and the
perception that it was more difficult to predict. However, in recent years, research
using sophisticated test equipment has shed some light on the behaviour of railway
track components (including the ballast layer) and their complex interaction (Profillidis,
1995).

The following section presents a critical review of the behaviour of granular media viz.
the behaviour of railway ballast. However, prior to doing so it is essential to give a
brief description of the functions and physical properties of ballast as a principal
component of railway track structures.

2.2 GENERAL PHYSICAL PROPERTIES OF BALLAST
2.2.1 Ballast Functions
The purpose of a railway track structure is to provide safe and comfortable train
transportation. This requires the track to serve as a stable guide-way with appropriate
vertical and horizontal alignment. To achieve this role, each component of the system
must perform its specific functions satisfactorily in response to the traffic loads and
environmental factors imposed on the system. The components of typical ballasted
track structures are depicted in Figure 6, and may be grouped into two main categories:
(a) superstructure (rails, fastening system, sleepers; (b) substructure (ballast, subballast
15
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(a)

(b)
Figure 6. Components of a conventional track structure: (a) longitudinal section;
(b) transverse section (Selig and Waters, 1994)

subgrade).

Railway ballast is a natural or crushed rock material placed beneath the track
superstructure and above the sub-ballast (capping) and subgrade, in order to provide

16

Chapter 2: Critical review of granular media with special reference to railway ballast

track stability. Conventional ballast is a coarse-sized, angular, crushed hard stone and
rock that is uniformly graded, free from dirt and not prone to cementing action. At
present, the railway authorities worldwide do not agree on which are the optimum
ballast index characteristics (gradation, grains size, shape, hardness, abrasion resistance
and mineral composition) that will provide the best track performance. Frequently,
availability and cost have been the prime factors considered in the selection of ballast
materials. Thus, a wide variety of materials, such as crushed granite, basalt, limestone,
slag and gravel have been used for ballast layer.

According to Robnett et al. (1975) and Selig and Waters (1994), ballast performs
multiple functions, the most important being to: (a) retain the track in its required
position by withstanding vertical, lateral and longitudinal forces applied to the sleepers;
(b) provide the required degree of elasticity and dynamic resilience to track
superstructure; (c) distribute stresses from the sleeper bearing area to acceptable stress
levels for the underlying material; (d) facilitate maintenance surfacing and lining
operations (to adjust track geometry) by an ability to rearrange ballast particles with
tamping; (e) provide immediate drainage of water falling onto the track; (f) provide
sufficient voids for storage of fouling material in the ballast, and to accommodate the
movement of particles through the ballast. It is implied that the ballast must perform
these tasks with tolerable degradation from load and environment, and must resist the
external entry of fine particles such that maintenance and renewal cycles are acceptable.

As a component of railway track substructure (Figure 6), the ballast can be classified in
four zones: (a) crib, or the ballast in between the sleepers; (b) shoulder, the material
beyond the sleeper ends down to the bottom of the ballast layer; (c) top ballast, the
upper portion of load bearing ballast layer which is disturbed by tamping; (d) bottom
17
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ballast, the lower portion of supporting ballast layer which is not disturbed by tamping,
and which is generally the most fouled portion. Only the top and bottom ballast
distributes the load transmitted from a sleeper down to the sub-ballast and further on to
the subgrade.

The role of crib ballast and shoulder ballast is mainly to provide

minimum confinement against lateral movement.

According to Robnett et al. (1975) and Selig and Waters (1994), the engineering
properties of ballast result from a combination of its in-situ state (defined by the inplace density) and the physical properties (described by indices such as particle size,
shape, angularity, hardness, surface texture and durability) of the individual ballast
material. The in-place unit weight of ballast is the result of subsequent compaction of a
newly constructed (or maintained by tamping) railway track due to train traffic
combined with environmental factors. Selig (1985) and Meeker (1990) have reported
that, in service, the changes to ballast gradation are caused by: (a) mechanical particle
degradation during construction and maintenance work, and traffic loading; (b)
chemical

breakdown

and

mechanical

weathering

related

degradation

from

environmental changes; (c) migration of fine particles from the surface and the
underlying layers; (d) spillage from freight traffic; (e) degradation of sleepers. For
these reasons, the ballast becomes fouled and loses its uniform gradation, free of dust
characteristic so that the ability to perform its important functions is reduced and can be
ultimately lost.

2.2.2 Forces Generated On Ballast Layer
It is essential to understand the loading environment that the ballast layer might be
subjected to while performing its functions in the track. According to Profillidis (1995)
18

Chapter 2: Critical review of granular media with special reference to railway ballast

only an estimate of the loading level would be possible due to various factors that affect
it such as the vehicle’s and train’s characteristics (freight or passenger), their operating
conditions (speed and load level), environmental/track conditions, in addition to any
deviations from normal functionality of the above.

The forces imposed on the track structure could be classified as mechanical (both static
and dynamic) and thermal. Esveld (1989) discussed the type of forces and their source
as: (a) quasi-static loads induced by the self-weight of the vehicle and reaction forces in
curves; (b) dynamic loads resulting from track irregularities such as differential
settlements in the ballast bed, corrugations, discontinuities and welds or joints, together
with vehicle defects (wheel flats and hunting phenomenon); (c) thermal loading due to
temperature variations in continuous welded rail (CWR).

2.2.2.1 Vertical Forces
Vertical forces (perpendicular to the plane of the rails) are those forces that cause the
mechanical stresses in the track (Profillidis, 1995) and depend on the track cross-level.
The pressure level at the sleeper/ballast interface depends on both ballast bed conditions
and track characteristics (the stiffness of the rail-sleepers fastening system, the type of
sleepers and the distance between them) (Shenton, 1974; Esveld, 1989; Raymond and
Bathurst, 1994; Fröhling, 1998). In addition, this pressure varies along the sleeper
bottom, being a maximum at the rail seat and smaller towards the middle and ends of
cross-tie (Clarke, 1957; Neil, 1976; Kerr, 1976).

Jeffs and Tew (1991) reviewed earlier work of Heath and Cottram (1966), ORE (1968),
Eisenmann (1969) and Raymond (1977) and showed that the distribution of wheel load
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along the track is similar to that presented in Figure 7. Also, the pumping action that a
sleeper exerts on the track when the wheel travels along the rail (Fig. 7) can produce
further deterioration of the track structure components and is at its worst when the track
support is in submerged conditions (Fig. 8).

2.2.2.2 Lateral Forces
Lateral forces (parallel to the axis of the sleepers) are significant in both train safety and
passenger comfort. Profillidis (1995) presentd the sources of lateral forces in the loaded
track conditions as follows: (a) on straights, the lateral component of dynamic force due
to geometry deviation (eg. hunting phenomenon); (b) on curves, the addition of the noncompensated centrifugal forces; (c) wheel flange contact against the outer rail in curves;
(d) cross-wind action for both straight and curved sections). Overall, the lateral forces
are more dependent upon the track curvature than the vehicle speed, with values 3060% higher for curvatures over 2.2° (Birmann, 1966; ORE, 1970; Eisenmann, 1970).

Profillidis (1995) noted that exceeding the limits of transverse track resistance may
cause track shifting and eventual derailment. According to Di Pilato et al. (1983), the
lateral resistance of a loaded railway track is largely provided by the frictional
resistance between the ballast bed and the bottom of the sleeper, with a small
contribution from the crib and shoulder ballast. However, in the CWR in the unloaded
condition the thermal stresses could induce lateral forces resisted mainly by the passive
resistance of the ballast in shoulders with minor assistance from the friction at the
sleepers/ballast interface (Esveld, 1989).
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Figure 7. Distribution of wheel load into the track foundation
(after Selig and Waters, 1994)

Figure 8. Gap effect on track structure damage (Selig and Waters, 1994)
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2.2.2.3 Longitudinal Forces
The longitudinal forces are parallel to the rail and occur as a result of: (a) temperature
effects, especially in CWR track; (b) accelerating and braking of locomotives and cars;
(c) shrinkage stresses caused by welding of rails in the track; (d) track creep.

Esvled (1989) reviewed the advantages of CWR over the conventional jointed tracks,
however, he also cautioned the design engineers that the stresses resulting from the
plane strain situation may be of the order of 100 MPa and should be considered in the
design of track components.

2.2.2.4 Dynamic Analysis
Field measurements carried out by Broadley et al. (1981), Frederick and Round (1985)
and Harrison et al. (1986) proved that the dynamic forces could increase the wheel load
by a factor of three, depending on the defect type of the rail-track system. Therefore, in
the design of railway track, the actual stresses in the various components of the track
structure must be determined from the equivalent dynamic vertical and lateral forces
imposed by the moving vehicle.

The dynamic factor (φd) currently used by most Australian railway authorities is that
developed by Eisenmann (1972) and modified by Broadley et al. (1981) and Orange
(1988) and its expression is:

φ d = 1 + β′ t η′ S

where β′ is a multiplication factor (accounts for the differences in the dynamic
22
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performance of unloaded vehicles), t is the chosen upper confidence limits, η′ is a
parameter that accounts for the vehicle speed and S is the standard deviation of the
mean (accounts for track conditions). A detailed presentation of Eq. (2.1) is given by
Jeffs and Tew (1991) with regard to different aspects of track and vehicle conditions.
The equivalent vertical dynamic wheel load to be used in the design is then given by:

Pd = φd Ps

(2.2)

where Ps is the static wheel load and φd is the dynamic factor.

An additional effect of the impact load is the induced vibration in the track structure
because of its high frequency component. Vibrations around 5 Hz cause discomfort to
passengers, however, vibrations in the higher range (25-50 Hz) contribute to track
settlement due to segregation of the fines, component deterioration (eg. powdering of
ballast), and flow of the ballast shoulders (Chrismer, 1985; Eisenmann et al., 1994;
Selig and Waters, 1994).

With respect to lateral resistance forces required for loaded tracks to ensure stability,
the following relationship developed by the SNCF (1950) can be used:

Hs > 10 +

Pd
3

(2.3)

where Hs is the horizontal force (kN) required to initiate lateral displacement of the
track and Pd was defined earlier. Profillidis (1995) discussed Eq. (2.3) in more detail
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with regard to different aspects of track condition.

2.2.3 Ballast Selection Criteria
Typical ballast material is gravel-size crushed rock (13 mm < D < 63 mm) containing
durable particles. Raymond et al. (1976) and Chrismer (1985) stated that the ability of
ballast to perform its functions is controlled by the particle characteristics together with
the physical state of the assembly (grain structure and porosity). Therefore, as distinct
from other track components, ballast requires the selection of both its primary source
and its basic dimensions. Furthermore, it is essential that the selection process also
assesses the production and the placement of the ballast layer. Frequently used tests
and selection criteria for the evaluation for the source and the production of the ballast
materials are summarized in Table 1. A detailed review of these selection criteria, the
appropriate characteristics of ballast and the most commonly used tests to evaluate these
characteristics are discussed at length by Jeff and Tew (1991). This section contains a
brief presentation of the relevant selection criteria and their effect on the behaviour of
railway ballast.

2.2.3.1 Ballast Source Evaluation
Ballast sources are usually restricted to quarried rock or gravel. In the recent years
certain types of slag, such as smelter slag or slag from steel mills, have also been
considered (AREA, 1984-1985). The tests and the test limits used to evaluate these
parameters vary considerably throughout railway systems and together with the
arbitrary nature of test limits reflect the uncertainty associated with the behaviour of
railway ballast (Chrismer, 1985; Roner, 1985).
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Table 1. Selection criteria for railway ballast (after Selig and Waters, 1994)
Selection Selection criteria
categories
1. Identification & •
Ballast
composition
source
•
evaluation
•

Test type
Petrographic analysis
Chemical analysis
X-ray diffraction

2. Durability

•
•
•
•

Los Angeles abrasion
Mill abrasion
Deval abrasion
Crushing value

•

Impact

3. Weathering/Environmental
•
resistance

Cement value

•
•

Permeability
Freeze-thaw
resistance
• Sulfate/Magnesium
soundness
• Absorption
4. Stability

•
•
5. Shape and
Ballast
surface
production
characteristics

6. Gradation

7. Impurities

Specific gravity
Bulk unit weight

•
•
•
•
•
•
•
•

Flakiness
Elongation
Sphericity
Angularity/roundness
Fractured particles
Surface texture
Size
Grain size
distribution
• Fine particle content
• Clay lumps and
friable particles
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Remarks/Purpose
Provide basic qualitative
estimates of physical and
chemical
properties
affecting performance.
Quantitative estimate of:
toughness;
hardness;
wearing by attrition;
resistance to crushing
under static load;
resistance to sudden shock
loading.
Quantitative measure of:
ability of material to
remain free-draining and
elastic;
drainage capacity;

disintegration in freezing
conditions.

Quantitative estimate of
ability to anchor ties
against
lateral
and
uplifting forces.
Quantitative estimate of
resistance to instability
under high and/or low
frequency vibrations.
Indication
on
the
behaviour under high
and/or low frequency
vibrations.
Estimate of the rate of
degradation under loading.
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Extensive research was carried out by Raymond et al. (1975-1979) in an attempt to
predict field performance, as a means to measure and control material quality. The
pertinent particle characteristics that affect the quality of ballast material were
identified, and they are concisely reviewed in the following sections.

a. Identification and Composition
The engineering characteristics of a ballast type are, to a large degree, a direct function
of the inherent physical properties of the parent rocks and/or minerals contained therein.
The purpose of the hand petrographic examination, and the subsequent chemical
analysis and X-ray diffraction, is to determine the physical and chemical properties of
the material, and to describe, classify and determine the relative amount of the
constituents of the sample, as these have a bearing on the quality of the material.
Watters et al. (1987) presented examples of the relationships between petrographic
results and rock particle properties. They also summarized characteristics identifiable
by petrographic analysis, which, if present in abundance in a rock mass, may represent
‘fatal flaws’ and cause rejection of the rock for use as ballast (Table 2).

Raymond et al. (1976, 1979) and Greene (1990) examined ballast materials provided
from various quarries in North America, and arrived at the conclusion that, in general,
fine grained, hard-mineral and unweathered aggregates are best as ballast materials.
Therefore, the extrusive igneous rocks (rhyolite, andesite and basalt) form a primary
source group, followed by the coarser-grained igneous rocks such as granite, diorite and
gabbro, along with the hard-mineral grained and well-cemented sedimentary or
metamorphic rocks such as quartzite (Raymond et al., 1979; Meeker, 1990).
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Table 2. Petrographic properties that may represent ‘fatal flaws’
(Watters et al., 1987)
Properties of Ballast Source Rock

•

Principal Deleterious Effect

MINERALOGICAL
General high content of very soft Rapid physical degradation, clay and fine,
mica-rich fines;
minerals (eg. clay, mica, chlorite)

•

Argillaceous sedimentary rocks Rapid physical degradation, clay-rich
fines;
(eg. mudstone, shale)

•

Mica-rich metamorphic rocks (eg. Rapid physical degradation, clay and
fines, mica-rich fines;
slate, phyllite, schist)

•

Igneous with deuterically altered Rapid
fines;
feldspar

•

Sulfide-rich (> 2 – 3%) (eg. pyrite, Oxidation of sulfide results in acidic
pyrhotite)
conditions promoting chemical weathering
of other mineral components.
TEXTURAL
Poor consolidation (in sedimentary Rapid physical degradation by abrasion;
susceptibility to freeze-thaw;
and volcaniclastic rocks)

•
•

High porosity (>
sedimentary rocks

•

Vesicularity (in volcanic rocks)

•

Friable texture in crystalline rocks

•

•
•

5%)

physical degradation, clay-rich

in Degradation by freeze-thaw and abrasion
if pores are large and abundant;
Degradation by freeze-thaw and abrasion;

Rapid physical degradation by abrasion;
susceptibility to freeze-thaw.
STRUCTURAL
Closely spaced joints, bedding Rapid physical degradation by abrasion
and
to freeze-thaw;
generation of
partings, foliation
unsuitable particle shapes.
PARTICLE SHAPE AND SURFACE CHARACTERISTICS
Smooth particle surfaces (often Poor mechanical stability;
due to rock texture)
Poor mechanical stability; load fracture of
elongated or tubular particles.

Unsuitable particle shape
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b. Aggregates Durability and Strength Tests
Durability tests are designed to simulate load-induced degradation of ballast. The
process of degradation due to wheel loading is known to occur in two modes: (a)
particle fracture; (b) interparticle grinding or attrition.

It was established that the

dominant degradation mode existing at any particular point in time depends on the
applied load, level of confinement, degree of compaction, particle size and particle
shape (Schultze and Coesfeld, 1961; Raymond et al., 1985; Selig and Alva-Hurtado,
1981; Feda, 1982; Shenton, 1985). It is expected that granular materials having weak
grains would exhibit higher degree of degradation, hence, larger compressibility and
lower shear strength.

At present, there are three attrition tests commonly used by the railways authorities
worldwide. Furthermore, in order to quantify the toughness of ballast particles, their
resistance to crushing is measured by tests such as Aggregates Crushing Value and
Wet/Dry Strength Variation.

It was suggested that a better estimate of in-track

performance would be obtained from impact tests used by European railway authorities
and somehow simulated by the Los Angeles attrition test. Nevertheless, higher values
of attrition would indicate poor in track performance (eg rapid degradation).

c. Stability
The specific gravity, together with the shape and texture of the grains, are the major
characteristics of an aggregate commonly associated with its ability to control track
performance.

The shape and texture are features that could be, to some extent,

controlled by the production process although they represent intrinsic characteristics of
the source rock, therefore, they are discussed in the next section.
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Raymond et al. (1979) showed that the holding capacity of ballast, which relies on both
its shear strength and bulk unit weight, followed an increasing linear function of density
for a given ballast. The specific gravity (SG) of an aggregate provides a reasonable
measure of the relative ability of the material to provide a high ballast density (for a
given grading and level of compaction), hence, the higher the SG value, the greater the
holding capacity of the ballast and the lower the degradation (Raymond et al., 1978).
The ability to provide lateral stability is a governing requirement for curved sections of
tracks, especially when they are expected to carry rolling stock with heavy axle loads
(Raymond, 1985). Furthermore, Raymond et al. (1983) reported that ballast having a
higher SG effectively had a higher capacity to damp out low-frequency vibrations
(believed to be the cause of occurrence of the differential settlement). Therefore, he
recommended the use of ballast having high SG for tracks carrying high-speed
passenger traffic.

2.2.3.2 Ballast Production
Raymond (1985) stressed that there is a definite distinction between ballast production
and source evaluation due to the ability to control certain parameters during ballast
production. The particle shape, grains surface/texture, gradation and purity of the
aggregates are the feature varied during production of ballast.

a. Particle Shape and Surface Characteristics
The shape and the texture of the grains are mainly dictated by the nature of the deposit
itself and during the production process only a limited degree of control is achievable.
Field observations have showed that materials that fracture into relatively equidimensional, angular fragments provide high stability to the ballast layer, i.e. higher
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lateral resistance to the lateral ballast flow, hence, lower settlement.

The highest

attention during the ballast production should be given to the content of flaky particles
as research reported by ORE (1970) found that lower elastic moduli were associated
with the ballast specimens containing flat particles. However, a limited quantity of
flaky particle added to the ballast specimens resulted in increased shear strength during
triaxial tests (Eerola, 1970; Dunn and Bora, 1972; Gur et al., 1978; Siller, 1980) and a
lower rate of settlement accumulation and a reduced overall settlement during semiconfined compression tests (Jeffs and Marich, 1987; Jeffs and Martin, 1994).
Nevertheless, Gur et al. (1978) reported that addition of flaky grains caused increased
degradation during compaction and higher level of deformation during tests.

It has been established that independent of grain size, materials having angular grains
were associated with higher shear strength viz. materials having subrounded to rounded
particles, (Holtz and Gibbs, 1956; Holubec and D’Appolonia, 1973; Norris, 1977; Thom
and Brown, 1989). However, higher grains angularity was associated with an increase
of the failure strain and a decrease in the ballast stiffness (Holubec and D’Appolonia,
1973). The effect of grains roughness on railway ballast behaviour is further discussed
in a later section.

b. Gradation and Grains Size
The selection of the particle size distribution of ballast layer has a marked effect on its
in-situ performance, and also on the economic evaluation of track design. Particle size
distribution is commonly represented by a cumulative frequency distribution plot as
percent of material passing a given set of sieves versus logarithm of the particle
diameter.
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Current thinking is that a narrow gradation would best meet the requirements for
railway ballast. However, there is a disagreement within the railway system with regard
to the maximum and minimum particle size that would offer the best performance for a
ballast material, i.e. lower deformation and degradation of ballast layer. For example,
the European and Australian railway systems recommend larger size ballast with a
maximum particle size of 63 mm and a minimum particle size of 13.2 mm (Fig. 9.a).
On the other hand, most North American railway systems prefer a smaller size ballast
with a particle size distribution (PSD) varying from 4.76 mm up to a maximum of 51
mm (Fig. 9.b). The lower boundary of gradation is intended to control the permeability
(drainage capacity) of a given material (Lambe and Whitman, 1969).

In contrast to the uniform gradation specified for railway ballast worldwide, several
researchers showed that within the provided PSD boundaries, independent of type of
ballast, a broader gradation is associated with reduced deformation and degradation
(Klugar, 1978; Roenfeld, 1980).

Further discussion on the effect of PSD on the

deformation and degradation of granular media viz. railway ballast is to be presented in
a later section.

The effect of particle size, however, appears to be inconclusive. Holtz and Gibbs
(1956) and Vallerga et al. (1957) found that particle size had little effect on shear
strength. Marachi et al. (1972) showed that the strength increases as the particle size
decreases, whereas Dunn and Bora (1972) reported that the shear strength increases
with increasing grain size.
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Figure 9. Main line particle size distribution boundaries adopted by some railway
systems: (a) Europe and Australia; (b) North America (after SNCF, 1979; Gray,
1983; TS 3402-83; STAS 3197/1-84; Chrismer, 1985; Raymond et al., 1987)
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2.3 COMPRESSIBILITY CHARACTERISTICS OF GRANULAR
MEDIA WITH SPECIAL REFERENCE TO RAILWAY BALLAST
2.3.1 Introduction
Conventional one-dimensional compression tests were extensively used to define the
time dependent deformation characteristics of granular materials prior to failure. The
most significant result of this research has been to demonstrate how the deformation of
a granular mass depends on particle breakage, a process that modifies the grain size
distribution when the material is subjected to a change in the state of stress.

The subsequent literature review covers the development of large-scale consolidation
cells for particulate media and the deformation characteristics of granular materials.
The degradation behaviour of granular media is to be presented in a later section. The
experimental observations and empirical relationships explaining the mechanism of
compression of sands and rockfills are presented and their applicability to the ballast
deformation characteristics is examined.

2.3.2 Large-Scale Oedometer Test
Initially this apparatus was developed to investigate the deformability of cohesive soils
(Skempton, 1960). However, the need to understand the deformation characteristics of
coarser materials (eg. rockfill) extended its use to the study of granular media.
Consequently, there was a continuous effort to develop larger consolidation cells in
order to test specimens with field gradations and subject them to representative levels of
load. Such large-scale oedometers were also employed to evaluate the behaviour of
ballast under confined compression. A detailed presentation of the developments of the
one-dimensional (1-D) compression devices was given by Hsu (1984) and Lee (1986).
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A summary of the large-scale consolidation cells employed in different research
programs, to which reference is made within this chapter, is presented in Table 3.

2.3.3 Compression Mechanism
There is a considerable body of evidence which shows that granular soils are
compressible and that their load-settlement relationship resembles that reported by
Terzaghi (1925) on clay. Studies by Terzaghi and Peck (1948) reported that the density
of sand is related to its compressibility. Roberts and De Souza (1958) showed that the
volume changes at low levels of stress are due to compression of the soil skeleton and
particle rearrangement (movements due to sliding and/or rolling). Later studies have
correlated the compressibility of sand to the specimen’s physical factors as gradation,
and particle size and shape (Rowe, 1955; Roberts and De Souza, 1958; Schultze and
Moussa, 1961). Subsequent research has indicated that, although the crushing of sand
grains is exhibited during 1-D compression at low to medium range of pressure, it
becomes the principal mechanism controlling the compression behaviour of sand only at
a high to very high pressure range (Allen et al., 1957; Lee and Farhoomand, 1967;
Henrych, 1979; Hardin, 1985; Hite, 1989; Hagerty et al., 1993).

Comparable behaviour was observed for coarse-grained materials such as rockfill, and
Terzaghi (1960) explained the mechanism of compression of rockfill as the result of
crushing of highly stressed points of contacts and the rearrangement of the particles
during loading. Similar mechanism is expected to develop in the railway ballast at the
interparticle contact points, especially under higher dynamic loads. Several factors
affect the compressibility of cohesionless materials, hence, their degradation and those
relevant to the present research are discussed later in this chapter (Marsal, 1967, 1973;
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Table 3. Summary of the development of large-scale consolidation cells and the
objectives of the research

Source

Cell size
D×H
(mm)

Schultze and 500 × 450
Coesfeld
(1961)
Kjærnsli and 500 × 250
Sande (1963)

Sowers et al.
(1965)

200 × 250

Pigeon
(1969)

610 × 250

Marsal
500 × 500
(1967, 1973) 1140 × 670
Marsal and
La Rosa
(1976)
Raymond et
al. (1975)

143 × 100

Valstand and
Strom (1976)
Fumagalli,
Bertacchi and
Bellotti,
Frassoni et al.
(1969 - 1982)
Parkin and
Adikari
(1981)
Hsu (1984)
and
Lee (1986)

500 × 250
100 × 200
500 × 1000
1300×2600

Type of
material /
Particle size

Load pattern

clean & spoiled
basalt ballast;
30 - 65 mm
syenite, gneiss,
limestone;
Dmax = 64 mm

σ = 0 - 390 kPa
σmax =1.6 MPa

Moisture
content

dry

Objectives
(study the
effect of):
density; load
pattern.

Δσ = 196 kPa
σmax = 4.9 MPa

dry, density;
saturated gradation;
parent rock
strength.
load level on
greywacke,
σmax = 1.6 MPa
dry
creep of
sandstone,
Δt = 1 - 24 h
rockfill.
granite
granite,
specimen
size;
σmax = 2.8 MPa
dry,
mudstone
particle
shape;
Δt = 1 - 24 h
saturated
gradation;
density.
particle shape;
diorite, basalt, σmax = 5.1 dry
grain breakage;
granitic-gneiss,
10.3 MPa
flooded lateral friction;
slate, rockfill + Δt = 2 - 24 h
time-dependent
sand, silt, clay;
characteristics;
0.01-105 mm
fines content.
dolomite,
density;
σ = 0 - 170 kPa
4.75 - 38 mm σ = 0 - 690 kPa
dry
gradation;
vibration; load
range.
granitic gneiss Δσ = 245 kPa
density;
σmax = 2.5 MPa saturated gradation.
shape factor;
varied rockfill; σmax = 5.9 MPa
dry
void ratio;
Dmax = 260 mm
wet D/H ratio.

σmax = 1.6 MPa
635 × 610 rhyolite;
Dmax = 90 mm Δt = 48 h
Δσ = 295 kPa
762 ×1240 limestone;
Dmax = 76 mm σmax = 2.4 MPa
greywacke;
Δt = 24 h
0.1 - 76 mm
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lateral friction;
dry
degree of
confinement
unit weight;
dry
particle shape;
saturated gradation;
creep of
rockfill.
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Lee and Farhoomand, 1967; Marachi, 1972).

In contrast with sand and rockfill, only a few 1-D compression studies have been
conducted to investigate which factors affect the compressibility of railway ballast
under constrained compression. Schultze and Coesfeld (1961) have subjected basalt
ballast specimens to a reduced number of load cycles (8-15) in order to evaluate its
compressibility and elastic parameters. It was also reported that at the lower range of
pressure (representative for railway tracks), the compressibility of ballast is highly
dependent on the degree of compaction of the ballast and independent of the load
pattern, which agreed with observations on sand and rockfill (Schultze and Coesfeld,
1961).

Furthermore, upon unloading, ballast exhibits elastic behaviour, however,

plastic deformation accumulates with each load application, but at a decreasing rate.
Raymond et al. (1975) reported that the gradation has no apparent effect on the
compressibility of ballast and that the qualitative behaviour of ballast is maintained
when the type of ballast is changed and/or the number of load cycles is increased to as
much as 105. Although they quantified the degradation of grains during the test, its
effect on the behaviour of railway ballast was not reported.

2.3.4 Factors Controlling The Compressibility of Granular Media
2.3.4.1 Influence of Relative Density
Kjærnsli and Sande (1963) carried out comprehensive research into the compressibility
characteristics of coarse aggregates as related to factors such as density, shape, texture,
gradation and strength of parent rock. This investigation concluded that, independent of
the shape, texture and gradation of the grains, the specimens having lower initial
porosity deformed less provided the strength of the particles was the same. It was also
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noted that compressibility decreased rapidly with increasing relative density. This
behaviour was also observed for ballast as discussed in Chapter 6.

Later studies conducted by Pigeon (1969), Bertacchi and Bellotti (1970), Fumagalli et
al. (1970) and Frassoni et al. (1982) on rockfill materials confirmed these findings. In
addition, studies by Valstad and Strom (1976) and Pestana and Whittle (1995) showed
that the magnitude of the confined deformation modulus is the reciprocal of the
specimen porosity, similar to that previously reported for sand (Schultze and Moosa,
1961; Hendron, 1963; Roberts, 1964). Schultze and Coesfeld (1961) established that
specimens of railway ballast subjected to repeated 1-D confined compression would
exhibit lower compressibility (eg. reduced plastic strains) if they were initially
subjected to higher degree of compaction (higher relative density) finding that was later
verified by Raymond et al. (1975) (Fig. 10.a). In addition, it was demonstrated that this
behaviour remains valid even if the number of load repetitions is as large as 105 cycles.
However, a reduction in the degree of compressibility with each cycle of load was
reported (Fig. 10.b).

2.3.4.2 Influence of Grain Size
Roberts (1964) reported that coarser sand sustained larger strains at a given stress level,
and that compressibility increased with the maximum particle size. Nevertheless, this
statement should not be separated from factors such as the grain type and gradation.

In spite of difficulties encountered in modelling the prototype particle size of rockfill
materials in the laboratory, earlier studies provided information on the effect of the
particle size on the compressibility, as presented in Figure 11. To similar findings
37

Strains after the first cycle of loading, %

Chapter 2: Critical review of granular media with special reference to railway ballast

Coteau Dolomite
Gradation 1
Gradation 2

12

8

4

0
13

14

15

16

17

Initial bulk unit weight, kN/m3

(a)

Strains after the first cycle of loading, %

0

σv = 0 - 480 kPa

2

4

Dense
Loose
6

Gradation 2, Dmax=38 mm

Coteau Dolomite
8
1

10

100

1000

10000

100000

Number of loading cycles

(b)
Figure 10. Axial strains observed during repeated load 1-D compression: (a) after
first load cycle against bulk unit weight; (b) typical strain development
(after Raymond et al., 1975)
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Figure 11. Compressibility of rockfills as function of particle size
(after Pigeon, 1969)

arrived Fumagalli (1969), Charles (1976) and Sharma et al. (1994), i.e. independent of
gradation and initial density, for a given vertical stress level, the compressibility of
rockfill increased with increasing maximum particle size, which was expected due to
increased grains degradation upon loading. However, there were some inconsistent
conclusions in the literature with regard to the effects of particle size on specimen
deformation.

For example, Bertacchi and Bellotti (1977) claimed that no definite

influence of the specimen size (eg. the maximum grain size) on the settlement could be
seen.

Also, Donaghe and Cohen (1978) reporting observations from isotropic

consolidation, showed that the compression index decreased with increase in the
maximum particle size, however, the change was not significant when the maximum
particle size increased beyond 50 mm (Fig. 12). Perhaps this could be explained by the
effect of scaling down of the field gradation, with the behaviour of specimens having
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Figure 12. Compression Index vs maximum particle size
(after Donaghe and Cohen, 1978)

Dmax >50 mm being more representative of the field behaviour.

2.3.4.3 Influence of Gradation
There is a general agreement about the effect of gradation on the compressibility, viz.,
the higher coefficient of uniformity, the lower the compressibility of granular materials
having similar relative density (Kjærnsli and Sande, 1963; Lee and Farhoomand, 1967;
Sowers et al., 1965). Although at lower stress levels some scatter in the collected data
was observed, later studies by Pigeon (1969), Charles (1976) and Donaghe and Cohen
(1978) generally reached the same conclusion, that for the same test conditions
(material, initial density, moisture content and load range), a material having a broader
gradation displayed smaller strain during 1-D compression as compared with a uniform
coarser grading (Fig. 13). The crushing of coarser grains and the subsequent movement
of resultant particles towards more stable positions in the structure of granular materials
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Figure 13. Vertical strain vs coefficient of uniformity
(after Donaghe and Cohen, 1978)

is believed to be the cause of this behaviour.

Schoultze and Coesfeld (1961) indicated that the settlement of uniformly graded
railway ballast varied widely due to the material grain size and gradation, but no
definite conclusion was drawn. However, Raymond et al. (1975) reported that for the
same level of pressure, a specimen with a coarser gradation will accumulate larger
plastic strains during repeated 1-D compression tests, provided that similar placement
densities are achieved. As in the case of rockfill materials, this behaviour is due to the
collapse of the interparticle contact point under the higher loads and their associated
movement of grains toward more stable positions.

2.3.4.4 Influence of Grain Shape
Initial work by Kjellman and Jacobson (1955), Kjærnsli and Sande (1963) and Lee and
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Farhoomand (1967) and more recently Fumagalli et al. (1970) and Frassoni et al. (1982)
on the effect of the grain shape on compressibility of granular media reached similar
conclusions. That is, at a given initial void ratio, a granular media having angular
particles compressed more than that having rounder particles due to higher grains
degradation. Early research on the factors affecting the behaviour of track structure
recognized that the grain shape is an important factor in the performance of a railway
tracks (Raymond et al.,1975), although no studies seemed to have investigated the
compressibility of railway ballast in relation to particle shape.

2.3.4.5 Influence of Hardness of Grains

1-D compression tests performed on various aggregates by Kjærnsli and Sande (1963)
and Yeats (1966) revealed that compressibility decreased with increasing hardness of
source rock (as determined from uniaxial compression test).

Furthermore, Pigeon

(1969) used the strength index from irregular lump tests to express the strains exhibited
by a given rockfill. Hardin (1987), and later Pestana and Whittle (1999), reached a
similar conclusion from research on sand. However, Parkin (1977) and Parkin and
Adikari (1981) argued that the rock hardness does not have such a significant impact on
the determination of compressibility as is often thought. This reported behaviour could
be the result of microfissures frequently present in larger grains or rockfill materials that
compensate the hardness of the source rock minerals. Nevertheless, field observations
and research by Raymond et al. (1975) showed that there is an intrinsic interdependence between Mohs hardness of ballast grains and in-field breakdown rating.
Higher degradation rating and/or increased railway track deformation were associated
with lower hardness value.
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2.3.4.6 Influence of Saturation
Kjærnsli and Sande (1963) and Pigeon (1969) showed that, by flooding rockfill
specimens, an increased and accelerated rate of compression was recorded, as presented
in Figure 14. This behaviour was expected as the rate of dissipation of pore water
pressure from rockfill specimens is much higher than that from clays and fine sands.
Also, this finding was in agreement with the field observation that repeated wetting of
the fill during construction causes an accelerated compression under constant load,
leading to a reduced compressibility with time. Fumagalli (1969) and Fumagalli et al.
(1970) reported that the stress-strain behaviour of the rockfill in dry-wet condition
initially follows the dry state curve, and when subjected to saturation at elevated stress
level, is transformed to follow the wet state curve (Fig. 15). Nevertheless, this could be
attributed to the lubrication by water of the interparticle contact points. Later research
by Bertacchi and Bellotti (1970), Marsal (1973), Donaghe and Cohen (1978), Frassoni
et al. (1982), Hsu (1984) and Lee (1986) validated these findings for various types of
material.

2.3.5 Empirical Compression Models for Granular Media
The stress-strain behaviour of granular materials is controlled not only by their intrinsic
characteristics (eg. the mineral composition, particle size, shape and texture) but also by
the degree of compaction, and the moisture condition. These factors are sometimes
closely inter-related, which makes it difficult to separate the individual effect of each of
them. Subsequently, the effect of some of the parameters that affect the compressibility
characteristics of granular media is expressed in a composite form.

For sands with different initial densities and moisture content, Schultze and Moussa
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Figure 14. Effect of time and water on settlement of rockfill (after Kjærnsli, 1965)
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Figure 15. Compressibility of rockfills in dry and saturated states
(after Fumagalli, 1969)

(1961) found that there is a linear relationship between stress and strain in a double
logarithmic scale. Janbu (1963) proved that the model could be applied to various
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rockfills, the general form of the relationship is given by:

ε v = a σ′v b

(2.4)

where εv is the vertical or volumetric strain, σ´v is the applied vertical stress, and a and

b are coefficients to be determined from test data, with b varying with initial density.
Schultze and Coesfeld (1961) applied the above model to data from 1-D repeated
compression tests on basalt ballast and derived the following relationship between the
tangent constrained modulus M and the applied vertical stress σ′v:

M = a′ σ′v 1 - b

(2.5)

where a′ and b are material constants that vary with the number of load applications and
depend on the degree of compaction. In addition, it was found that irrespective of
degree of compaction, the increase of M with the number of load applications was
considerable in the initial stage of loading but its rate of variation diminished as the load
was repeated (Fig. 16). These observations agreed with field observations, which
showed that the stiffness of the railway track (ie. of ballast layer) is at its lowest value
after construction or maintenance work. However, with each train passage the density
of ballast layer increases, and the settlement rate decreases, ie. the stiffness of the track
increases until a state of resilience is reached that could be modeled using the laboratory
results.

Hansen (1968) attempted to account for the effect of the initial compaction state and he
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Figure 16. Dependence of ballast compressibility on initial density and number of
load repetitions (after Schultze and Coesfeld, 1961)

separated the initial void ratio in the stress-strain relationship:

ε a = a1 e o

c ⎛ σv

⎞
⎜
⎟
⎝ d ⎠

b1

(2.6)

where εa is the axial strain, σv is the applied vertical stress, eo is the initial void ratio
and a1, b1, c and d are parameters to be obtained from experimental results. However,
the difference in the particle size between sand and railway ballast may impede direct
application of this model to the behaviour of ballast. Because there was no indication
that this relationship hold upon unloading, it was unlikely to evaluate the elastic
behaviour.
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Fumagalli (1969) showed that the load-deformation relationship for rockfill during 1-D
compression was in good agreement with a power law. Interpreting data from results by
Sowers et al. (1965), Tombs (1969) and Marsal (1973), Parkin (1977) proposed the
following relationship for deformation of rockfill with pressure variation:

ΔH = A σ′v B

(2.7)

where ΔH is the settlement of the rockfill specimen, σv is the applied vertical stress, and

A and B are material parameters to be determined from test data. The shortfall of this
equation is that it does not identify the elastic component of the settlement, ie. no
indication on how Eq. (2.7) changes for the unloading branch of the graph to account
for the rebound that rockfill may exhibit. Also the initial density is not separated from
the other effects.

Hardin (1987) identified the inherent deficiencies of the previous models as follows:

•

the e-log σ′v model predicts e → ∞ as σ′v → 0 and at high stress levels it predicts
negative void ratios;

•

the power model ignores progressive development of plastic deformation during
first loading;

•

the power model predicts εv > 1 for very large stresses for a and b positive.

Making use of results from published studies (Schultze and Moussa, 1961; Kjærnsli and
Sande, 1963; Roberts, 1964, Leslie, 1975; Schmertmann, 1986), Hardin presented a
more comprehensive semi-empirical equation to describe the void ratio variation over a
wide range of vertical stress:
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1
1
1
=
+
e e o S1D

S1D = S1D

min

+

(S

⎛ σ′v
⎜⎜
⎝ pa

1Dmax

b′

⎞
⎟⎟ , and
⎠

− S1D

min

⎛ e σ′ − σ′ ⎞
o
v
b⎟
1+ ⎜
⎜
⎟
′
σ CR
⎝
⎠
2

)
c′

(2.8)

(2.9)

where 1/e is the reciprocal of void ratio, 1/eo is the intercept at σ´v = 0, S1D is the
dimensionless stiffness coefficient for one-dimensional strain, σ´v is the applied vertical
stress, pa is the atmospheric pressure, S1Dmin, and S1Dmax are the limits of S1D, σ´CR is
the crushing reference stress, σ´b is the “break point” at which the crushing mechanism
begins showing its effect, and b´ and c´ are coefficients to be determined from test data.
It was shown that b´=0.5 fits a very large amount of data for granular media available in
the literature, and that the crushability characteristic of the material is defined by three
parameter σ´b, σ´CR and c´.

Although the equation accounts for the effect of initial density, particle size and shape
and for the crushing effect on the stiffness of granular media, it is restricted to the first
loading condition and when applied to rockfill like materials the results are not as
consistent as for sands. Moreover, some of the input parameters (S1Dmin, σ´CR) are not
well defined and/or lack physical correlation to materials behaviour.

Pestana and Whittle (1995, 1999) proposed a simple four-parameter elasto-plastic
model that describes the non-linear volumetric behaviour of cohesionless soils in
hydrostatic and one-dimensional compression.

The relationship can simulate the

accumulation of plastic deformations in loading-unloading-reloading cycles and the
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hysteresis effect.
Two main assumptions were made for this model:

•

the incremental volumetric strains (εv) can be subdivided into elastic and plastic
components, where plastic strains occur throughout first loading of freshly
deposited cohesionless soils;

•

the tangent bulk modulus (K) for loading can be written as a separable function of
the current void ratio e and mean effective stress p′.

During the loading stage the model is described by the dimensionless relationship:

d′

K C a ⎛ p′ ⎞
⎜ ⎟ ,
=
pa
n ⎜⎝ p a ⎟⎠

(2.10)

and during the unloading stage by:
1

E

K
p

=
a

C ⎛ p′ ⎞ 3
b ⎜
⎟
n ⎜p ⎟
⎝ a⎠

(2.11)

where, K and KE represent the tangent bulk modulus for loading and unloading stage
respectively, pa the atmospheric pressure (an arbitrary reference stress proposed by
Janbu, 1963), p′ is the mean effective stress, n is the instantaneous porosity of soil, and
Ca, Cb and d′ are constants which together with n infer the effects of particle

mineralogy, size, shape, texture and grading on compressibility. The model is valid for
a very large range of stress and by differentiating Eqs. (2.10) and (2.11), the
incremental volumetric strains can be obtained. Although, this model seems to be very
simple it was developed for sand subjected to high level of stress to allow full collapse
of sand skeleton. Also, the crushing of grains is not defined by a separate parameter.
Consequently, its applicability to the behaviour of railway ballast (having coarse grains
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with uniform gradation ie. particle fragmentation is expected even at a lower level of
stress) may require extensive modifications.

2.4 STRENGTH AND DEFORMATION CHARACTERISTICS OF
BALLAST IN COMPARISON WITH ROCKFILL AND SAND
2.4.1 Introduction
Extensive laboratory studies on sand have been conducted in the past (Cornforth, 1964;
Bishop, 1966; Lee and Seed, 1967; Vesic and Clough, 1968; Ponce and Bell, 1971;
Fukushima and Tatsuoka, 1984; Bolton, 1986; Zaman et al., 1994). Also, detailed
investigations on rockfill (that is probably more comparable to that of railway ballast)
have been conducted by Holtz and Gibbs (1956), Marsal (1973), Leps (1970), Marachi
et al. (1972), Charles and Watts (1980) and Indraratna et al. (1993) just to name a few.
Ballast behaviour is reviewed in comparison with sand, gravel, and rockfill, to better
understand its stress-strain and deformation characteristics. However, only a limited
number of studies have been published on railway ballast (Schultze and Coesfeld, 1961;
Raymond et al. 1975-1979; Birman, 1975; Alva-Hurtado and Selig, 1981; Norman and
Selig, 1983; Shenton, 1985; Jeffs and Tew, 1991; Eisenmann et al., 1994; Kay, 1998).
Other studies have been reported but their contribution to the understanding of the
general behaviour of railway ballast was minimal. The experimental observations and
empirical relationships explaining the strength and deformation characteristics of sands
and rockfills are also presented and their applicability to the ballast deformation
characteristics is examined.

2.4.2 Large-Scale Triaxial Test
Collorio (1936) was the first to recognize that, in engineering as well as in geophysical
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problems, it is essential to acquire knowledge of material behaviour, both in
compression and in shear.

However, due to the size of prototype coarse-grained

materials such as rockfill and railway ballast, it was difficult to use conventional triaxial
equipment and correlate the result with field behaviour. Therefore, the development of
large-scale triaxial cells to investigate their mechanical characteristics was essential.
Table 4 presents the main features of large-scale triaxial cells employed in
investigations of both ballast and rockfill referred to in the following sections.

2.4.3 Semi-Confined Test Devices
Comparisons of laboratory test results with measurements from railway tracks showed
that triaxial tests do not completely model actual field conditions (Okabe, 1961;
Shenton, 1974; Sugu, 1983). In practice, the three dimensional (3-D) stress state of
ballast bed is related to the train axle load, and the restraint provided by the sleepers and
the ballast in the track shoulders and crib. Consequently, the overall effective confining
stress (σ′3) at the shoulders is generated by the self-weight of ballast and the additional
transient stress between the sleepers. However, in a triaxial cell, the radial confining
pressure is held constant during testing. Also, the response of ballast to vibrations is
generally reduced due to platen constraint. In order to reduce these shortcomings, semiconfined devices have been developed for ballast testing. The features of these test rigs
are presented in Table 5.

2.4.4 Shear Mechanism During Monotonic Loading
Comprehensive research on cohesionless materials established that the stability of
embankments is governed by the shear strength of the given particulate material
(Bishop, 1966; Marsal, 1973; De Melo, 1977; Charles and Watts, 1980; Indraratna et al.,
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Table 4. Review of large-scale triaxial cell development and research objectives
Cell size
Type of material Confining pressure Objectives (study
(range and
D×H
tested / Particle size
the effect of:)
application type)
(mm)
Holtz and Gibbs 229 × 572 sand, gravel;
density; gradation;
σ3 = 689 kPa
Dmax = 76 mm
(1956)
grains shape; load
water pressure
rate.
Schultze (1957 500 × 1250 gravel, slatey
maximum particle
greywacke, ballast; σ3 = 29 - 147 kPa size; grains shape;
Schultze and
Dmax = 150 mm
Coesfeld (1961)
content of fines.
vacuum
Marsal (1967,
σ3,max = 4.9 MPa particle breakage;
200 × 500 diorite, basalt,
1973)
σ3,max = 2.5 MPa grain shape; degree
1130×2500 granitic-gneiss,
Marsal and La
slate, rockfill +
water pressure of compaction;
Rosa (1976)
σ3 = 39 - 98 kPa gradation; fines
1130×2500 sand, silt, clay;
Dmax = 77-205 mm
content.
vacuum
Marachi et al.
specimen size;
305 × 762 argillite, basalt,
σ3,max = 5.2 MPa
particle shape and
(1972)
915 × 2500 shell;
water pressure
Dmax = 153 mm
size.
Shenton (1975) 230 × 385 limestone;
σ3 = 19 - 78 kPa gradation; density;
13 - 38 mm
load pattern.
vacuum
Olowokere
density; gradation;
225 × 450 dolomite, slag,
shale; limestone,
(1975)
σ3 = 8 - 311 kPa confining level;
trap rock;
Raymond et al.
water pressure loading pattern.
4.75 - 38 mm
(1975 - 1979)
granitic gneiss;
Valstand and
σ3 = 2.5 MPa porosity; degree of
500 × 1000
Dmax = 80 mm
Strom (1976)
saturation; confining
vacuum
water pressure level.
basalt;
Rico et al.
fines content;
190 × 380
σ3 = 7 - 150 kPa
0.07 - 38 mm
(1977)
gradation.
Charles (1973) 230 × 500 basalt, sandstone,
density; specimen
σ3 = 27 - 695 kPa
slate;
Charles and
size; strength of
water pressure
Dmax = 38 mm
parent rock.
Watts (1981)
Fumagalli et al., 350 × 700 different rockfill;
σmax = 2 MPa shape factor; void
Frassoni et al.
Dmax = 260 mm
ratio; maximum grain
vacuum
(1969 - 1982)
water pressure size.
rhyolite;
Parkin and
σ3 = 0.3 - 1.4 MPa degree of saturation;
380 × 800
level of confinement.
Dmax = 90 mm
Adikari (1981)
vacuum
water pressure
Alva -Hurtado
density; confining
152 × 381 granite ballast;
σ3 = 35 - 138 kPa
5 - 30 mm
and Selig (1981)
level; load pattern.
gradation; loading
Lee (1986);
greywacke;
300 × 600
σ3 = 49 - 589 kPa
Dmax = 76 mm
rate.
Indraratna et al.
(1993)
Marcu et al.
fines content; degree
250 × 500 schist, sandstone,
limestone, gravel & σ3 = 0.3 - 1 MPa of confinement; load
(1994)
sand;
pattern.
Dmax = 50 mm
Source
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Table 5. Main features of the large-scale semi-confined test rigs used for ballast
investigations
Source
Schultze and
Coesfeld
(1961)
Eisenmann
(1974-1975)

Birman (1975)

Raymond et al.
(1975 - 1985)
Klugar (1975)

Shenton (1975)

Alva - Hurtado
and Selig
(1981)

Jeffs and
Marich (1987),
Ravitharan and
Martin (1996)
Ravitharan et
al.(1998)

1993).

Cross section Cell height Particle size / Type of load Objectives (study
the effect of:)
L × B (mm) H (mm) type of ballast applicator
700
clean & spoiled
density; load
1050 × 1050
basalt ballast;
steel plate pattern.
30 - 65 mm
1200
ballast on
720 × 360
steel plate, number/type of
gravel - sand; concrete tie, sleepers; load
Dmax = 75 mm
timber tie. amplitude;
vibrations.
frequency and
700
basalt on
1300 × 1300
gravel - sand; steel plate amplitude of
Dmax = 65 mm
load.
load
history;
1200
dolomite
on
6000 × 4600
timber tie number of
sand;
Dmax = 38 mm
sleepers.
1100
basalt;
gradation;
shape
4000 × 1100
timber tie
Dmax = 60 mm
concrete tie and quality of
grains; density.
frequency and
1000
limestone
on
6000 × 8000
sand;
timber tie amplitude of
Dmax = 38 mm
load; pattern of
loading.
480
amplitude of load;
610 × 310
particle breakage;
granite;
timber
tie
fines content;
Dmax = 38 mm
cycles of
maintenance.
400
basalt,
granite,
concrete
tie,
density; grains
φ760
silica;
timber tie, shape and type;
4.75 - 63 mm
steel tie. gradation; load
level; frequency.
1000
ballast on
3660 × 1300
sub-ballast
concrete tie load distribution.
4.75 - 63 mm

The shear strength of granular materials can be explained in terms of

interparticle friction, dilatancy and rearrangement of particles (that includes the
reorientation of flaky shaped particles in the direction of the shear) and particle
breakage.
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According to Lee (1986) and Ortigao (1995) both fine grained particulate media and
coarse grained rockfill materials obey the rules of Critical State Soil Mechanics (CSSM)
as proposed by Schofield and Wroth (1968) and Atkinson and Bransby (1978). That is
for a given confining pressure and independent of initial degree of packing,
cohesionless materials tend to a stable state at large deformation in which the strength
(q), the mean effective stress (p’), and the void ratio (e), do not change. This state,
called a critical state, can be defined in mathematical form as:

∂q ∂p′ ∂e
=
=
=0
∂ε 1 ∂ε1 ∂ε 1

(2.12)

where ε1 is the axial strain. Loose materials (wet side of critical) will contract while
dense materials (dry side of critical) will dilate to the same critical value of void ratio
under the same confining pressure. At the critical state, both the shear strength and void
ratio of the material depend on the characteristics of the grains, the grading and the
confining pressure. Scott (1980) explained that the strength at low confining pressure is
mainly the result of work done in expanding the element against the normal stress. In
this context, although railway ballast is characterized by a uniform gradation, it is
expected to follow the CSSM rules.

In densely packed granular materials shearing starts in a narrow band only a few grains
thick. The interlocking resistance of the particles inside this band is overcome by grain
breakage and dilatancy (Bolton, 1986; Maksimovic, 1996). The effect of dilatancy,
which can be approximately estimated for coarse-grained specimens, is more significant
at lower levels of stress and its contribution to the total shear strength gradually
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decreases as the stress level rises (Ladanyi, 1960; Bishop, 1971; Bolton, 1986). At very
high stresses the behaviour of most coarse-grained materials is governed by friction and
particle breakage only. When the normal effective stress acting on the failure plane is
large enough, dilatancy is suppressed and the soil shears at nearly a constant volume.
Nevertheless, the particle degradation component, at certain stress levels, might
represent a significant proportion of the total shearing resistance in terms of effective
stresses.

2.4.5 Factors Controlling Shear Strength of Granular Media
2.4.5.1 Influence of Normal Stress Level
Early studies on shear behaviour of various granular materials such as sand and rockfills
revealed that the Mohr-Coulomb failure envelopes display a pronounced curvature
(Bishop, 1966; Marsal, 1963). Several researchers have shown that the curvature is
more noticeable at a lower level of normal stress especially for initially dense or heavily
compacted specimens with a relatively uniform grain size (Confront, 1964; Lee and
Seeds, 1967; Ponce and Bell, 1971; Marachi et al., 1972; Marsal, 1973; Hansen, 1979;
Charles and Watts, 1981; Fukushima and Tatsuoka, 1984). Similar observations were
reported from monotonic triaxial tests performed at a very low level of confining
pressure (σ3' < 300 kPa, representative of field conditions) on railway aggregates and on
unbounded road base materials (Olowokere, 1975; Rico et al., 1977; Raymond and
Davies, 1978).

This curvature was associated with the crushing process of grains, especially for coarse
granular materials such as rockfill and railway ballast. At lower levels of confining
pressure crushing is localized at interparticle contacts allowing for further interlocking
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of grains, whereas at elevated levels of stress, a complete collapse of grains is observed.
The indirect relationship between the confining pressure and the angle of internal
friction has been well documented for different types of material, particle size and
shape, and specimen size (Bishop, 1966; Tombs 1969; Fumagalli et al., 1970; Marachi
et al., 1972; Charles and Watts, 1980; Fukushima and Tatsuoka, 1984; Indraratna, 1994;
Marcu et al., 1994).

2.4.5.2 Influence of Relative Density
It has been observed that there is a direct relationship between relative density (property
index commonly used for granular media) and shear strength (friction angle) for a given
normal stress, as presented in Figure 17 for tests on sand (Lee and Seed, 1967). A
higher relative density was associated with a higher angle of internal friction. Marsal
(1973), reported that the range of variation of angle of internal friction related to the
relative density was in the order of 3° to 4° at a normal stress of 65 kPa, declining to
1.5° at 3.45 MPa. A similar trend was reported by Al-Hussaini (1983) for crushed
basalt rock and by Holtz and Gibbs (1957) for gravelly soils with different relative
densities. They also showed that the failure envelopes for specimens having higher
relative density plotted above those for lower relative density samples, an observation
reported by other researchers (Tombs, 1969; Leslie, 1963; Kirkpatrick, 1965). Studies
on railway ballast have reported similar behaviour, although the absolute density rather
then relative density was used (Raymond et al., 1976; Alva-Hurtado and Selig, 1981).
In addition, research on quartzite ballast described by Roner (1980) concluded that
independent of gradation and particle size the shear strength was increased by
decreasing the initial void ratio, as shown in Figure 18.
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Figure 17. Effect of relative density or void ratio on shear strength of sand during
drained triaxial tests (after Lee and Seed, 1967)

2.4.5.3 Influence of Grain Characteristics
The reported effect of the particle size, shape and gradation on the shear strength of
coarse granular media does not always agree possibly due to scaling down technique
employed to test prototype gradations in large-scale equipment. As a result, research on
rockfill reported by Holtz and Gibbs (1956), Leslie (1963), Valstad and Strom (1976)
and Donaghe and Cohen (1978) concluded that there is little effect of maximum particle
size on shear strength. However, Lewis (1956), Fumagalli (1969), Tomb (1969),
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Figure 18. Effect of initial void ratio on angle of internal friction
(after Roner, 1985)

Charles (1973) and Rico et al. (1977) argued that an increase in the shear strength was
observed as the maximum grain size was increased. On the other hand, Marachi et al.
(1972) reported a reduction in the shear strength as the maximum particle size was
increased, which confirmed findings of earlier studies on sand by Kirkpatrick (1965)
and Koerner (1970). Furthermore, Roner (1985) concluded from research on quartzite
ballast (having bulky grains) that the shear strength was not affected by the variation of
particle size. It was agreed though that increasing the particle size resulted in greater
grain fragmentation (Marachi et al., 1972; Marsal, 1973; Roner, 1985). It is possible
that the shear strength increases as the grain size increases up to a critical diameter
beyond which no significant increase would occur. Also, larger grains might be prone
to presence of microfissures from production process and more intrinsic defects of the
source rock that could affect their behaviour and so resulting in contradictory reports.
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As far as the gradation effect on shear strength is concerned, there is a general
agreement that, independent of type of material and particle size, a well-graded
specimen will perform better that one with a uniform gradation. Leslie (1973), Marsal
and La Rosa (1976) and Rico et al. (1977) reported that the angle of internal friction
was larger for materials with a higher coefficient of uniformity (Cu). Furthermore,
Marsal (1973) showed that shear strength increased for dense well-graded specimens.
Leps (1970) and Marsal and La Rosa (1976) agreed that addition of coarser fractions to
an already well-graded material resulted in higher shear strength. On the other hand,
Kalcheff (1974) pointed out that increasing the Cu of road base aggregates by the
addition of plastic fines resulted in a significant reduction of the shear strength of the
tested material and larger strains on failure. Similar results were reported by Klugar
(1975), that the measured angle of friction decreased significantly when coarser grains
of studied railway ballast were replaced by finer grains in proportions larger than 20%,
although, Roner (1985) concluded that the shear strength was not affected by gradation
in quartzite ballast specimens. Perhaps the grains hardness compensated for the
dilatancy of studied ballast.

Commonly used parameters to define the particle shape give only a qualitative
correlation to the granular media behaviour. However, some common trends were
observed. Casagrande (1965) stated that a rockfill material composed of well-graded
and angular particles is superior in its mechanical properties to uniform, well-rounded
rockfill material, and is thus more suitable for use in high dams. Holtz and Gibbs
(1956) previously arrived at the similar finding that angular quarry material exhibited
higher shear strength than sub-rounded to sub-angular river materials.

Extensive

research on various sands with different grains roundness and surface textures (Koerner,
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1970; Holubec and D’Appolonia, 1973; Pike, 1973; Noris, 1977; Bros and Orzeszyan;
1979), confirmed earlier reports by Velarga et al. (1957) and Leps (1970) from rockfill
and gravel that higher angularity grains gave a higher degree of interlocking, and
therefore a higher angle of internal friction. Nevertheless, Holubec and D’Appolonia
(1973) added that the angularity of grains was associated with higher strains at failure
and a reduction in the stiffness of sand specimens. Furthermore, Pike (1973) reported
that, for similar compaction effort, a lower level of packing was observed as the
angularity and surface roughness of grains was increased.

Further research on road base (Gur et al., 1971; Dunn and Bora, 1972; George and
Shah, 1974) and railway ballast (Siller, 1980; Roner, 1985) showed that a small amount
of flaky grains increased the measured shear strength of these materials, but a
subsequent reduction in the stiffness of specimens and increase in grain crushing was
reported.

In addition, Roner (1985) and Kay (1998) reported that the angle of

orientation of flaky grains significantly affected the measured angle of internal friction,
which decreased with increasing the angle of grains orientation as previously shown in
Figure 18. It should be noted, however, that available published data give little or
contradictory information on the effect of grain size, shape and gradation on the shear
strength of railway ballast (Siller, 1980; Roner, 1985).

2.4.5.4 Influence of Dilatancy Ratio
An early study by Bishop (1966) correlated φ′ variation to the rate of volume change.
Later, Bolton (1986) showed that at a given stress the dilatancy rate varied with the
initial relative density at which the material was placed, so confirming earlier reports
from studies on the behaviour of sand at extremely low confining pressure (Ponce and
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Bell, 1971; Fukushima and Tatsuoka, 1984). Charles and Watts (1980) and earlier
Tombs (1969), reported similar observations from varied rockfill materials that the
angle of internal friction decreased as the dilatancy rate decreased. Hence, the curvature
of the failure envelope could be largely accounted for by the decrease in the rate of
dilatancy with increase in stress as presented in Figure 19. Raymond and Davies (1978)
studied the change in volume observed during triaxial tests on Coteau dolomite for
various confining pressures. The results of a regression analysis showed a decreasing
slope of the dilatancy versus cell pressure plots.

2.4.6 Deformation Mechanism Under Repeated Loads
Together with the subgrade and subballast layers which form the foundation of railway
tracks, ballast is subjected to repeated traffic loading. The advancement of wheels
along the track depresses the rail causing multidirectional combination of cyclic shear
and compression strains. The subsequent effect of particle rearrangement results in
associated large settlements when the particles move into more compact positions. This
phenomenon is enhanced with coarse-grained layers such as railway ballast.

Considering the complexity of the behaviour of soils under repeated loads it is not
surprising that even the most sophisticated models have failed to provide accurate
predictions under generalised repeated stress conditions (O’Reilly and Brown, 1991).
However, some aspects of the behaviour of cohesionless soils under cyclic loads are
common to a wide range of loading types, namely, the effect of stress reversal, the
rate-dependent response of the soil and the dynamic effects.

The typical behaviour of elements of dry granular soil subjected to regular drained
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Figure 19. Effect of confining pressure on the dilatancy rate at failure
(Bishop, 1966)

cycling during stress-controlled loading between two general stress states, S1 and S2, is
presented in Figure 20. Each load cycle is accompanied by a change in the strain, some
of which is recoverable (elastic) and some of which is permanent (plastic).

The

magnitude of the recoverable strain remains fairly constant during each cycle. On the
other hand, the irrecoverable or plastic strain developed during each successive cycle
tends to reduce with increasing numbers of cycles. Eventually, the soil attains a form of
equilibrium for this loading pattern, at which stage the magnitude of the recoverable
strain experienced during any cycle greatly exceeds the plastic strain increment for that
cycle: this behaviour can be described as quasi-elastic or resilient. It should be noted,
however, that plastic straining still occurs during each cycle, and in systems such as
railways subjected to very large numbers of load cycles, the accumulated plastic strains
could be significant over time (Brown and Selig, 1991). Furthermore, the resilient
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Figure 20. Typical development of strains during repeated load test and definition
of resilient strain (after O’Reilly and Brown, 1991)

stiffness of a ballast layer is dependent on the stress level and the magnitude of resilient
stain (O’Reilly and Brown, 1991).

2.4.7 Factors Controlling Deformation Under Repeated Loading
2.4.7.1 Influence of Loading Conditions (level, sequence, frequency)
There is enough evidence to show that both the residual deformation (ORE, 1970;
Knutson, 1976; Siller, 1980; Stewart and Selig, 1984; Shenton, 1985) and the resilient
modulus of granular media (Hicks and Monismith, 1971; Kalcheff and Hicks, 1973;
Brown 1974; Thompson, 1989; Zaman et al., 1994; Kolisoja, 1997) are highly
dependent on stress. The use of test devices providing a higher confinement level
during the tests resulted in a lower rate of development of plastic deformation (Knutson,
1976; Raymond and Davies, 1978; Jeffs and Marich, 1987). It was reported that for
similar test conditions, confining pressures and number of load repetitions, the higher
the ratio between the applied repeated stress and failure stress from monotonic tests the
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higher the rate of accumulation of residual strains (Olowokere, 1975; Knutson, 1976;
Raymond and Davies, 1978, Profillidis, 1995). Shenton (1985) also reported that the
remanent strain after the first load application was always larger if the applied stress
was higher. These correlate with the field observations by Feng (1984), Bathurst and
Raymond (1994) and Sato (1995) that an increase in the axle load resulted in higher
maintenance costs.

Research by Yeaman (1975) and Zaman et al. (1994) showed that the resilient modulus
was mostly affected by the level of bulk stress. Other research (Seed et al., 1962;
Brown, 1974; Stewart, 1982; Janardhanam and Desai, 1983; Selig and Waters, 1994)
reported that the resilient characteristics of various types of particulate media were also
affected by the level of cyclic deviator stress and shear reversal to which the specimens
were subjected, as presented in Figure 21. This contradicts the findings of Chan and
Brown (1994) that the rotation of principal planes associated with shear stress reversal
did not affect the resilient behaviour. However, an earlier study by Yandell (1966)
reported that at higher levels of confining pressure the variation of resilient modulus
with the cycled shear stress was minimal.

Shenton (1975), Siller (1980) and Stewart and Selig (1984) demonstrated that full load
removal between the load cycles was associated with a higher rate of plastic strains
development (Fig. 22.a, 22.b). It was also established by Stewart and Selig (1984) that
if the tests were conducted with shear stress reversal, the plastic strain at the end of the
first cycle was always less than without reversal, as shown in Figure 22.c.

Furthermore, O’Reilly and Brown (1991) showed that after each stress reversal the
material stiffness increased dramatically and subsequently decreased (Fig. 23). At the
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Figure 21. Effect of degree of unloading on resilient modulus (after Selig and
Waters, 1994)

(a)

(c)

(b)
Figure 22. Strain development: (a), (b) variation of accumulation rate for tests
with and without shear stress reversal; (c) representation of stress-strain curves
(after Stewart and Selig, 1984)
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Figure 23. The effect of stress reversal on soil stiffness
(after O’Reilly and Brown, 1991)

particulate scale, this phenomenon could be reproduced by a model of sliding blocks
linked by springs, as proposed by O’Reilly and Brown (1991) and shown in Figure
24.a. The increase in stiffness upon reversal of stress was explained by the ‘locked-in
forces’ at the interparticle contacts. The higher the reversal level the higher the force
unlocked, and therefore the lower the stiffness. As a consequence, during the stress
cycle the specimen exhibits hysteresis, i.e. the stress sustained at any strain level of the
unloading phase is lower than that at the corresponding strain during loading, the excess
energy being dissipated in the form of interparticle friction (Fig. 24.b). It should be
mentioned that the capacity of ballast to suppress its own vibration by absorbing energy
is very important for the railway environment. Moreover, it was also found that the
resilient modulus increased with the increase of stress ratio, as depicted in several
models to be described in a later section (Shackel, 1973; Brown and Pappin, 1985;
Johnson et al., 1986; Tam and Brown, 1988; Uzan, 1992; Wong, 1992). Furthermore,
Hicks (1970) found that the direction of resilient strain (or direction of Poisson’s ratio)
was dependent on the applied stress ratio and the type of confining stress (constant or
variable) findings confirmed later by Allen and Thompson (1974) and Brown and Hyde
(1975).
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(a)

(b)

Figure 24. Simple model of the behaviour of granular materials under cyclic
loading: (a) conceptual model; (b) typical results (after O’Reilly and Brown, 1991)

The railway track environment is subjected to varied amplitude loads due to the
complex traffic profile (passengers, freight) but also due to occasional higher dynamic
loads induced by rolling-stock defects (wheel-flats). By employing multi-stage cyclic
loading tests, research has shown that it is the largest applied load that controls the
magnitude of ballast settlement (Birman, 1975; Klugar, 1975; Shenton, 1975; Stewart
and Selig; 1984; Diyaljee, 1987). In addition, Stewart and Selig (1984) showed that, for
any confining pressure, the sequence of applied stress did not affect the final value of
permanent strain provided that the total number of load cycles was about the same as
that of a larger load applied (Fig. 25). The additional settlement produced by the
smaller loads was almost insignificant. Furthermore, Bathurst and Raymond (1994) and
Selig and Waters (1994) indicated that plastic deformation after a given cumulative load
(rather than number of cycles) was proportional to the peak cyclic load up to a certain
breakpoint, after which the deformation increased greatly.

Studies on road base by Edwards (1986) established that the ratio of the number of
cycles of a standard axle load (80 kN) to the number of cycles of another axle load
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Figure 25. Permanent strain accumulation for different loading sequences
(after Stewart and Selig, 1984)

producing the same damage was almost proportional to the axle load ratio to the fourth
power. Stewart (1986) and Ford (1995) described a procedure that enabled correlation
between the level of ballast settlement produced by one load to an equivalent number of
cycles produced by another load.

A similar method is currently implemented in

Australia to estimate the cumulative number of equivalent axle load that would cause
the fatigue failure of flexible pavements (Wardle, 1989, 2003).

It was suggested from field measurements on both heavy haul and high speed lines that
the range of recorded frequencies could be divided into two groups depending upon
their source: quasi-static values or lower frequency range up to 25 to 30 Hz which are
mainly generated by the axle spacing of the bogies, and dynamic values or the structure
born noise with frequencies in the 50 to 120 Hz range (Maree, 1989; Ford, 1992;
Eisenmann et al., 1994). Furthermore, Eisenmann et al. (1994) demonstrated that only
the higher range of frequency specific to high-speed lines (speed > 225 km/h) would
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affect the settlement of ballast. Similar conclusions were reached from experimental
work on railway ballast by Shenton (1975), Jeffs and Marich (1987), Jeffs and Martin
(1994) and Raymond and Bathurst (1994). In addition, studies on sand reported by
Timmerman and Wu (1966) showed that the strain increased faster in the lower range of
frequency (2.5 Hz) than in the higher range of frequency of load application.

Additional work by Hicks (1973) and Kalcheff and Hicks (1973) showed that the
resilient modulus was insensitive to frequency and load duration, whereas Janardhanam
and Desai (1983) argued that these did affect to some degree the resilient behaviour of
ballast. Though, with regard to the sequence of the stresses there is a general consensus
between researchers that it has little effect on the resilient behaviour of cohesionless
materials (Hicks, 1973; Kalcheff and Hicks, 1973; Janardhanam and Desai, 1983).

It was also reported by Hicks (1970) and Brown (1974) that the number of load
applications had little effect on the resilient behaviour of granular materials, a finding
later confirmed by Boyce et al. (1976). However, work by Shenton (1975) and later by
Alva-Hurtado (1980) showed that the resilient modulus increased gradually with the
number of load cycles. It should be mentioned that the early findings were from wellgraded road base aggregates, whereas the later research was carried out on railway
ballast.

2.4.7.2 Influence of Initial Density
It is well established that in addition to the applied stress, the initial density of ballast
also affects the residual strain development (ORE, 1970; Olowokere, 1975; Shenton,
1975; Knutson, 1976; Raymond and Davies, 1978, Alva-Hurtado and Selig, 1981). The
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resistance to accumulation of plastic deformation (especially in the initial stage of
loading) was found to be greatly improved when high (compacted) densities were
achieved (Shenton, 1975; Jeffs and Marich, 1987; Brown, 1996).

Tam (1986) showed that for dry sand, the recorded plastic volumetric strain increased in
proportion to the elastic cyclic strain. Raymond (1992) and Raymond and Bathurst
(1994) reported that in ballast box tests, the use of a stiffer subgrade reduced the elastic
cyclic strains and resulted to lower levels of ballast settlement.

On the other hand, it was reported that the effect of density on material resilient
characteristics is minimal (Brown and Selig, 1991; Selig and Waters, 1994; Zaman et
al., 1994). Worth noting that these findings were of qualitative nature and the effect of
density on the magnitude of the resilient modulus was indirectly accounted for.
Kolisoja (1997) expressed the density of tested materials in terms of porosity. The
reported results showed that for a given material and the same set of test conditions
there is a linear relationship between the concentration of solids (1-n) and the
magnitude of resilient modulus. This agrees with earlier reports by Raymond (1992),
Raymond and Bathurst (1994) and Sharpe (1996) and warrants the use of porosity in the
estimation of plastic deformation (ORE, 1970).

2.4.7.3 Influence of Material Properties
Brown and Selig (1991) stated that the intrinsic properties of materials influence the
mechanical properties of a compacted layer of granular material. Earlier research by
Janardhanam and Desai (1983), Thompson (1989) and O’Reilly and Brown (1991) also
showed that the resilient behaviour of ballast is affected to some extent by the gradation
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and grain shape, size and texture.

From repeated triaxial tests on railway ballast at a low confining pressure (35 kPa),
Raymond and Diyaljee (1979) concluded that, as the maximum grain size was increased
the measured shear strength increased and a lower level of plastic strains was displayed.
Selig (1985) argued that for the same type of ballast, the settlement increased as the
average particle size increased. Kolisoja (1997) showed that the magnitude of the
resilient modulus increased linearly with the equivalent or average particle size (Dekv)
defined as:

D ekv =

D10 + D 50 + D 90
3

(2.13)

verifying earlier findings by Janardhanam and Desai (1983), although they correlated
the resilient modulus to the median particle size (D50), as shown in Figure 26.
However, Zaman et al. (1994) reported a contradictory finding, that a finer gradation
(eg. smaller Dmax) gave slightly higher values of resilient modulus for specimens of
same size. It was also reported that a reduction in the test specimen size resulted only in
a slight increase in the magnitude of the resilient modulus.

Johnson (1985) and Klassen et al. (1987) reported that broader gradations were
associated with longer ballast life and lower rate of settlement.

However, it was

emphasized that these gradations were susceptible to rapid fouling as a result of smaller
voids and a lower void ratio.
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Figure 26. Variation of resilient modulus with grain size
(after Janrdhanam and Desai, 1983)

Thom and Brown (1988) reported that for an uncompacted dolomitic limestone road
base, it was the uniform grading which gave least plastic strains, while for the heavily
compacted specimens the gradation had little influence on settlement accumulation. It
was also suggested that a very high fine content could lead to sudden failure. However,
according to Jeffs and Marich (1987), if the amount of fines (1-9.5 mm) added to an
initially uniform gradation of railway ballast was limited to 20 %, a considerable
reduction of the permanent deformations was observed. Futhermore, Ravitharan and
Martin (1996) showed that, independent of ballast type, a direct correlation existed
between the settlement rate and the proportion of flaky particles.

Jeffs and Marich (1987) reported from repeated loading tests performed in a semiconfined device that the recorded settlement was lower for fresh ballast containing
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rough surfaced particles when compared with worn railway ballast. In addition they
showed that the fine-grained, hard-mineral aggregates were associated with lower
plastic deformations, results confirmed later by Greene (1990). Thom and Brown
(1989) arrived at a similar conclusion that crushed road base displayed lower plastic
deformation than that comprised of naturally occurring sands and gravels.

Later, research by Kolisoja (1997) showed that the resilient modulus was higher for
crushed rock in comparison with crushed gravel and natural gravel, provided that the
gradation and the tests conditions were the same. This agreed with earlier reports by
Yeaman (1975), Thom and Brown (1988, 1989) and Thompson (1989), which showed
that the stiffness of specimens increased with increasing angularity of the grains.
Furthermore, Brown and Selig (1991) correlated the increase in surface friction between
angular particles with the increase in the stress ratio at failure and higher magnitude for
the resilient modulus. Using this observation, Zaman et al. (1994) quantified the effect
of the angle of internal friction together with other factors on the resilient modulus. In
addition, Zaman et al. (1994) reported that, provided that the gradation and test
conditions were the same, a significant increase (20-50%) of resilient modulus was
observed as the type of material varied, ie. the lowest values were recorded for
sandstone gravel, and the highest for limestone gravel with granite and rhyolite
displaying intermediate values. Kolisoja (1997) confirmed that the rock type had a
significant effect on the resilient characteristics of the material.

2.4.8. Empirical Models for the Strength and Deformation of Granular Media
2.4.8.1 Shear Strength of Granular Media
Earlier research by Leps (1970) and Valstad and Strom (1976) suggested a linear
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variation of internal friction angle with the logarithm of normal stress based on data
from plane strain and triaxial tests on rockfill.

Later, Wong and Duncan (1974)

proposed a relationship that accounts for the variation of angle of internal friction of
rockfill with the stress level:

⎛ σ′ ⎞
φ′ = φ′o - Δφ′ log ⎜⎜ n ⎟⎟
⎝ pa ⎠

(2.14)

where σ′n is the normal effective stress, φ′o is the φ′ value corresponding to σ′n equal to
the atmospheric pressure and Δφ′ is the reduction in φ′ measured from the log σ′n - φ′
graph.

DeMello (1977) and Charles (1980) showed that a power relationship between normal
stress and shear stress accounted better for the curvature of shear strength envelope of
various geo-materials. Its general form is given by:

τ f = A 1 (σ n )

B1

(2.15)

where σn is the normal stress, and A1 and B1 are coefficients accounting for the material
characteristics. It should be noted that A1 depends on the system of units of stress and
its dimensions vary according to the value of B1.

Later, Indraratna et al. (1993) proposed a non-dimensional failure criterion to eliminate
these drawbacks by normalizing both terms of Eq. (2.15) with the uniaxial compressive
strength (σc) as follows:
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τf

⎛σ ⎞
= A 2 ⎜⎜ n ⎟⎟
σc
⎝ σc ⎠

B2

(2.16)

where the constants A2 and B2 are dimensionless, A2 encompasses the equivalent
friction angle and can be regarded as an intrinsic shear strength index and the magnitude
of B2 dictates the non-linearity of the failure envelope, particularly at low confining
stresses. B2 therefore represents the deformation response of the rockfill, including to
some extent the effect of dilatancy and particle sizes. It was also shown that this
criterion could describe the behaviour of various rockfill for a wide range of confining
pressure (0.1 - 8 MPa). Considering the earlier reports from tests on railway ballast that
the failure envelope exhibits a pronounced curvature, it is possible to describe its
behaviour to failure (under monotonic loading) by employing this failure criterion.

Earlier reports by Rowe (1962) and Bishop (1966), correlated the significant increase in
the measured angle of internal friction at low stresses to the interlocking effect
associated with the tendency to dilate. Lee and Seed (1967), using studies on sands
having different grain shape and initial relative density, presented the effect of stress
level on shear strength in a schematic form (Fig. 27). The sliding friction, dilatancy,
crushing and rearranging of the grains were identified as the contributing factors to the
shear strength of fine grain cohesionless materials at low level of confining pressure.
Koerner (1968) reached the same finding for coarse grain particulate media having
compact grains. Nevertheless, at higher confining pressures breakage of the grains
becomes more significant and causes a decrease in the angle of internal friction (Bishop,
1966; Vesic and Clough, 1968).

75

Chapter 2: Critical review of granular media with special reference to railway ballast

Figure 27. Schematic illustration of contribution of sliding friction, dilatancy,
remoulding and crushing to the measured Mohr envelope for drained tests on sand
(after Lee and Seed, 1967)

Efforts have been made to separate the frictional component from the volume change
component (dilatancy) (Newland and Alley, 1957; Ladanyi, 1960; Rowe, 1962, 1971;
Bolton, 1986). Newland and Alley (1957) and Ladanyi (1960) reported that for fine
grained soils the rate of dilatancy decreased as the confining pressure increased. Rowe
(1962) and Biship (1966) found that for sand there is a linear variation of dilatacy factor
at failure (Dp= 1-dεv/dεa) with the peak principal stress ratio (Rp = (σ′1/σ′3)p). Later, .
Rowe (1971) showed that Dp tends towards a limit value of 2 at low level of confining
pressure (Rowe, 1971). Raymond et al. (1976) reported, from a series of triaxial tests
on coarse grain uniform railway ballast, that the rate of dilatancy at failure decreased as
the maximum principal stress ratio increased, however, no relationship was presented.

Bolton (1986) proposed a relative dilatancy index which could predict the behaviour of
sand at failure. To describe the dilatancy behaviour of dense sand when subjected to
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low range of stress, he made use of a saw-tooth analogy as presented in Figure 28. He
suggested that the maximum angle of shearing resistance could be estimated from:

φ′max − φ′cs = 3 [ΙD (10 − ln p′) − 1 ]

(2.17)

where φ′max and φ′cs are the maximum and the critical state angles of shearing
resistance respectively measured in degrees, ID is initial relative density and p′ is the
mean effective stress at failure, measured in kPa. While this model fits well a wide
range of data from published research on sand, it does not fully describe the behaviour
of coarse-grained particulate media which are affected by degradation even at lower
levels of stress. Also, due to the significant difference in the grain size from sand to
railway ballast the application of this failure criterion might require extensive
modifications.

After reviewing existing failure criteria for granular materials, Maksimovic (1996)
pointed out their limitations as follows:

•

power type expressions are valid in a limited stress range (40-400 kPa);

•

the semi-logarithmic plot assumes the validity of the relationship over a rather wide
stress range, and requires a sharp cut-off at an elevated level of normal stress where
the dilatancy effect is suppressed.

Therefore, he proposed a hyperbolic type of function to interpret the results from
conventional triaxial compression tests:
φ′s = φ′B +

Δφ ′
Δφ′
φ′B +
σ′
1+ 3
PTX
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Figure 28. The sawtooth model of dilatancy (after Bolton, 1986)

where φ′s is the secant angle (from a tangent to a single Mohr circle that passes through
the origin), φ′B is the basic angle of friction, Δφ′ is the maximum angle difference, σ′3 is
the effective confining pressure and PTX is the normal stress corresponding to the
median angle, as illustrated in Figure 29.

While for rockfill and sand there is a general agreement that the crushing process is a
significant phenomenon that should be accounted for, there appears to be no agreement
in accepting the same concept for railway ballast. For practical purposes the straight
Mohr-Coulomb envelope with an associated ‘apparent cohesion’ is extensively used
(Raymond and Davies, 1978; Siller, 1980; Chrismer, 1985; Kay, 1998). Though, this is
a reasonable approximation of the state of stress at failure for only a limited range of
effective stresses, and the term ‘apparent cohesion’ is in contradiction with the
definition of cohesionless materials. Nevertheless, Kay (1998) reviewing published
data from triaxial tests on different types of railway ballast, emphasized that it is
because of this ‘apparent cohesion’ that angular materials with high dilatancy
tendencies are used in railway tracks to provide lateral support.

2.4.8.2 Plastic Deformation
Initial investigations on the cyclic behaviour of railway ballast were carried in the
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(a)

(b)

Figure 29. Variation of secant angle of shearing resistance φ’
(after Maksimovic, 1996)

conventional (cylindrical) triaxial equipment at constant confining pressure. It was
generally agreed that the permanent strain after N cycles, εPN, is related to the
permanent strain after one cycle ε1 by a logarithmic relationship (ORE, 1970; Siller,
1980; Ford, 1995; Kay, 1998):

ε PN = ε N=1 (1 + A ′ log N)

(2.19)

where A′ is a dimensionless parameter controlling the rate of growth of deformation,
with typical values between 0.19 to 0.4 depending on ballast type. Later, ORE (1971,
1974), proposed a relationship that accounts for the initial porosity of specimens and the
repeated deviator stress on the permanent strains of railway ballast. From controlled
conditions in the laboratory the following relationship was proposed:

ε PN = 0.82 (100 n − 38.2) (qr )C (1 − 0.2 log N)

(2.20)

where N is the number of load applications, C is a coefficient depending on the level of
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applied stress (which ranges from 1 to 2 for low stress levels, but may reach 3 for high
levels of stress), and qr = σ1-σ3 is the repeated deviator stress where σ1 and σ3 represent
the repeated vertical stress and the constant confining pressure, respectively.

Alva-Hurtado and Selig (1979, 1981) discussing the cyclic triaxial tests on granite
ballast (Dmax = 30 mm and D50 = 20 mm) claimed that, independent of the state of stress
and degree of compaction of the specimen, the following non-linear relationship better
predicts the permanent strains (εPN) after N load applications:

2

ε PN = (0.85 + 0.38 log N) ε N=1 + (0.05 + 0.09 log N) ε N=1

(2.21)

Alva-Hurtado and Selig (1981) also reported that there is a good agreement between the
plastic deformation measured after the first cycle (ε1) and the permanent deformation
monitored during monotonic loading tests, confirming earlier observations reported by
Barksdale (1972), Monismith et al. (1975) and Knutson (1976). It was suggested that
the strain after the first load cycle (ε1) could be approximated from the (axial) plastic
strain (εa) measured during monotonic loading tests for the same stress level.
Janardhanam and Desai (1983) used a similar method to describe the behaviour of
granite ballast subjected to true triaxial tests (σ2≠σ3).

In early 1960, Japanese railway companies published a relationship that enabled the
estimation of the settlement of railway ballast when subjected to cyclic loading.
Originally developed from laboratory results (Okabe, 1961; Sato, 1962), the following
equation is currently used to estimate the deformation (settlement) of both heavy haul
narrow gauge and high speed standard gauge (Sato, 1995):
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(

)

sN = χ 1 − e − α N + β N

(2.22)

where N is the repeated number of loading or tonnage carried by the track, α is the
vertical acceleration required to initiate slip and can be measured using spring loaded
plates of the ballast material on a vibrating table, β is a coefficient proportional to the
sleeper pressure and peak acceleration experienced by the ballast particles and is
affected by the type and conditions of the ballast material and the presence of water, and

χ is a constant dependent on the initial packing of the ballast material. The first term
represents the initial rapid settlement and corresponds to the process in which the gaps
between ballast particles are closed and the ballast consolidates, whilst the second term
expresses linear settlement after this and corresponds to the lateral movement (flow) of
ballast particles under the sleepers.

Unfortunately, Sato (1995) has provided no

information on the values of the constants used in this equation, the units of the
variables and the derivation of the formula.

After analysing an extensive database of worldwide field measurements, Shenton
(1985) concluded that Eq. (2.19) gives a reasonable approximation over a short period
of time but a significant underestimation can occur for large number of axle loadings
(above 106 load cycles).

Therefore, a relationship was proposed that reasonably

estimates the short-term and long-term track settlement, and is given by:

sN = C1 N0.2 + C 2 N

(2.23)

where sN is the settlement, and C1 and C2 represent material constants. The C1N0.2
term predominates up to 106 load cycles, whereas C2N term becomes relatively
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significant only above this value. However, Kay (1998) argued that due to the degree
of inconsistency and scatter of the acquired data, Eq. (2.23) could, at best, approximate
the behaviour of ballast in any particular case.

Jeffs and Marich (1987) used a semi-confined device to investigate the behaviour of
various types of railway ballast under cyclic load. Load of various intensities and
frequencies was applied through a rigid plate on the loosely placed ballast. They
reported that independent of different test variables, a linear variation of settlement with
the number of load cycles was observed beyond 200000 cycles. Although a linear
variation conflicts with predictions of Eq. (2.19), it confirms trends reported earlier by
other researchers (Okabe, 1961; Sato, 1962; Shugu, 1983; Shenton, 1985).

Selig and Devulapally (1991) analysed the results from box tests on dry dolomite ballast
subjected to large numbers of cycles and compared them with settlement trends reported
earlier by Selig et al. (1981) from field observations. They agreed with Shenton (1985)
and Jeffs and Marich (1987) observation that the semi-log relationship increasingly
underestimates the cumulative plastic strain as the number of cycles increased.
However, they showed that a power relationship (as given below) better estimates both
laboratory and field measurements:

sN = s1 N f

(2.24)

where s1 is the settlement recorded after first load application and f is a material
parameter. The power relationship was in good agreement with earlier reports by
Schultze and Coesfeld (1961) and Morgan and Markland (1981) from plate-loading
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tests and by Diyaljee and Raymond (1982) from drained triaxial tests on both sand and
railway ballast. In spite of the lack of agreement with regard to the trends reported,
which might be due to other test conditions, one point should be made, that the semiconfined devices employed by Jeffs and Marich (1987) and Selig and Devulapally
(1991) allowed ballast movement (lateral flow) from under the load applicator
providing a closer simulation of the in-track conditions.

Paute et al. (1993) using results reported by Pappin (1979) proposed a relationship
between the axial strain rate and the number of cycles to characterize deformation of
granular materials subjected to repeated loads. The relationship that considers only the
plastic strains is commonly used in France and its expression is given by:

lnε& Pa = g + h ln N

(2.25)

where ε& Pa is the rate of axial plastic strain per cycle, and g and h are material
coefficients. Tests results presented by Pappin (1979) were quite variable for the first
100 cycles and were regarded as a settling-in phase of the tests. Therefore, Paute et al.
(1993) presented an equation to estimate the plastic strain developed after 100 cycles as
follows:

⎡ ⎛ N ⎞
ε PNa = c ⎢1 - ⎜
⎟
1
⎣⎢ ⎝ 100 ⎠

-i

⎤
⎥
⎦⎥

(2.26)

where ε PN a it the plastic strain for N > 100 load cycles, i is a material coefficient and
the parameter c1 was related to the peak applied stress ratio as follows:
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c1 =

η
j-k η

(2.27)

in which j and k are material constants related to the stress ratio at failure η f =

j
,
k

similar to the hyperbolic relationship proposed by Lentz and Balady (1980) for sands.
Equation (2.27) implies that as η approaches failure, c1, and therefore the accumulated
strain, becomes very large.

2.4.8.3 Elastic Deformation
As discussed before, the researchers are in agreement about the fact that granular
materials tend to a quasi-elastic state after a number of load repetitions. However, in
the literature there are conflicting opinions upon the number of load repetitions required
to reach the resilient state. Hicks and Monismith (1971) and Kalcheff and Hicks (1973)
reported that well-graded crushed limestone (Dmax = 40 mm) needed only a few
hundred cycles to arrive at constant elastic deformation. Profillidis (1995) stated that
the magnitude of the modulus of elasticity after 1000 cycle of loading had doubled from
that after first cycle, and did not change any further. Based on the results on partially
saturated well-graded crushed granite (Dmax = 5 mm) Brown (1974) argued that several
thousand load repetitions are necessary to reach constant values of the resilient
modulus. Furthermore, work on railway ballast by Shenton (1975) and Alva-Hurtado
(1980) suggested that the magnitude of the resilient modulus gradually increased with
the number of cycles.

Commonly the interpretation of resilient deformations uses the resilient modulus (Er),
which is defined by the equation:
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Er =

qr
εr

(2.28)

where qr = (σ1-σ3) is the cyclic axial load and εr is the recoverable part of axial strain.
While the plastic strains decreased with each load cycle, the resilient modulus
increased, as presented in Figure 30.

It is well established that, provided that shear failure does not occur, the resilient
modulus can be related to the horizontal stress (confining pressure) as reported by Hicks
(1973), or to the sum of the principal stresses (Hicks and Monismith, 1971; Kalcheff
and Hicks, 1973; Brown and Pell, 1975) as given below:

E r = k 1 (θ′)

k2

(2.29)

where θ′ = σ′1 + σ′2 + σ′3 is the effective bulk stress, and k1 and k2 are material
constants. This equation, known as the k-θ model, is the simplest and whilst it is
widely used it has proven to have some limitations.

Firstly, the equation is

dimensionally unsatisfactory and Hicks (1973) attempted to eliminate this by
normalizing the equation with reference to atmospheric pressure (pa).

Secondly,

Shackel (1973) and Brown (1974) indicated that the level of shear stress affected the
relationship between Er and θ. Studies by Boyce et al. (1976), Cole et al. (1981) and
Johnson et al. (1986) reported that the relationship also changed with the stress ratio.
Brown (1996) suggested that Eq. (2.29) should rather be regarded as a lower bound to
experimental data, as proposed earlier by Uzan (1985) and Nataatmadja (1994).
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Figure 30. Definition of resilient modulus

Selig and Waters (1994), based on research by Stewart (1982), offered an alternative
equation for the calculation of the resilient modulus:

Er =

2 (qrc - qre )
ε rc - ε re

(2.30)

where qrc is the shear stress in compression, qre is the shear stress in extension, εrc is the
compression resilient strain and εre is the extension resilient strain given by the
following expressions:

[

]d

(2.31)

ε re = 0.00143 qre (σ ′3 ) -1.52

(2.32)

ε rc = 0.00087 qrc (σ ′3 ) -1.15

1

where d1 = 0.924 (σ ′3 ) 0.088 , σ′3 is the constant effective confining pressure for cyclic
test and the stresses are measured in kPa. Considering that Eq. (2.30) was developed
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from results on granite ballast, its application to other types of ballast may require some
modifications to fit the results. Also, it should be observed that it does not account for
the effect of the degree of unloading. However, if the resilient properties are defined in
terms of the parameter Er, then a corresponding value for Poisson’s ratio is required,
which should itself be stress-dependent as noted by Sweere (1990).

2.5 DEGRADATION OF GRANULAR MEDIAL PARTICLES
2.5.1 Crushing Mechanism
One of the most striking observations of a granular material mass subjected to stress
variation is the fragmentation of its particles. Particle breakage changes the grains size
distribution curve and considerably affects the strength and deformation characteristics
of coarse-grained particulate media. It has been shown from triaxial compression tests
that the gradation of granular material such as gravels, rockfill and sand (especially at
high stress) had changed during the loading process due to the breakage of particles
(Leslie, 1963; Marsal, 1967; Lee and Farhoomand, 1967; Vesic and Clough, 1968).

Selig, (1985) and Selig and Waters (1994) reported that in service, the gradation of a
clean ballast (with an initial porosity of about 35-50 %) changed as the voids filled with
smaller particles.

The source of these finer grains was identified as mechanical

breakage and wear of ballast particles, chemical decomposition of ballast grains, and
intrusion of fines from a weaker subgrade (Ravitharan and Martin, 1996). However,
Raymond (1977) argued that the principal cause of ballast breakdown is the traffic load
and Chrismer et al. (1991) estimated that about 75-90 % of fouling material was traced
to ballast breakdown. In the advanced stage of filling of the voids the ballast is said to
be ‘fouled’. It was suggested by Selig (1985) that ballast fouling became significant
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when accumulation of fines reached 10 % or more, whereupon the in-track performance
of ballast began to be adversely affected.

In spite of evidence that breakage of grains affects the in-track performance of ballast,
only a limited number of reports on the degradation behaviour of railway ballast are
available.

Often, grain breakage was presented in a quantitative form without a

thorough examination of the fragmentation mechanism.

Several quantitative methods were proposed to measure grain breakage:

•

Marsal (1963), by utilising the initial and final grain size curves, plotted the
difference, ΔWk, between the percentage of the total sample contained in each grain
size fraction before and after the test versus the aperture of the upper sieve
corresponding to that fraction (Fig. 31). The algebraic sum of ΔWk must be zero.

Bg was selected as a measure of the grain breakage parameter, which was defined as
the sum of the positive ΔWk expressed as a percentage.

•

Leslie (1963) selected the change in percentage of the original minimum size to
indicate the degree of particle breakdown.

•

Lee and Farhoomand (1967) adopted the term ‘relative crushing’ (the ratio for the
initial 15 % size of the particle D15i to the 15 % size after testing D15a) to express
the amount of particle breakage.

•

Jeffs and Tew (1991) preferred to use the variation of mean effective particle size
( D ) in order to estimate the ballast degradation. This was determined from a
grading modulus ( A ) proposed by Hudson and Waller (1969) for road base
materials.
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Figure 31. Variation of grain size distribution produced by particle breakage
(Marsal, 1963)

2.5.2 Factors Affecting Particle Breakage
2.5.2.1 Influence of State and Level of Stress
Lee and Seed (1967) and Vesic and Clough (1968) from tests on sand at very high stress
levels observed that there is a stress (called breakage stress) beyond which dilatancy
disappears, and the crushing of the grains becomes the only mechanism that, in addition
to simple slip, governs the shear strength of sand. The level of breakage stress is a
function of the crushing strength and angle of physical friction of the mineral. A lower
value of breakage stress is associated with a low particle crushing strength and hence, a
higher angle of friction of the mineral. An increase in the fracturing phenomenon was
reported when the stress level was increased. It is noteworthy that a substantially
greater proportion of particle degradation was found to be caused by the action of shear
stress rather than the application of isotropic consolidation stresses.
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Research on various types of rockfill (Fumagalli et al., 1970; Marachi et al., 1972;
Marsal, 1973; Frassoni et al., 1982) and gravels (Leslie, 1963; Lee and Farhoomand,
1967) reported similar behaviour. However, due to the coarser grains, the crushing of
grains occurred at an even lower level of confining pressure. It was also shown that
while the extent of particle crushing increased with the increase in level of confining
pressure, the rate of particle breakage decreased with the increase in confining stress.

While the detrimental effect of grain breakage on the ballast deformation is recognized,
very little is known about the breakage mechanism of railway ballast. Feng (1984) and
Selig and Devullapaly (1991) reported from both field observation and ballast box tests
that there is proportional relationship between the applied load and both breakage level
and plastic deformation developed. The breakage (at the end of the test) was expressed
as percentage by weight of grains smaller than 9.5 mm.

In addition Selig and

Devullapaly (1991) proposed a similar method as that described by Edwards (1986) for
settlement, which enabled correlation of breakage produced by any cumulative load to a
reference load. Ravitharan and Martin (1996) reached similar findings, reporting that
independent of type of ballast, the degradation rate per million cycles of loading
recorded during tests in a semi-confined cylindrical apparatus was highly dependent on
the level of cycled stress.

Earlier research on railway ballast by Raymond et al. (1975, 1976) reported the
crushing characteristics of a Coteau dolomite ballast with a particle size ranging from
4.75 mm to 38 mm.

The CID triaxial tests were performed at various levels of

confining pressure on specimens of different initial densities. To quantify the degree of
particle fragmentation particles smaller than 4.75 mm were defined as fines.
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Surprisingly, it was found that the stress level did not affect the extent of particle
fragmentation as a value of only 0.6 % was reported. Also, Raymond (1977) concluded
that the contact area rather than the contact forces controls ballast abrasion. However,
Feng (1984) argued that the abrasion and breakage of ballast were related to the contact
forces between individual grains.

2.5.2.2 Influence of Material Properties
a. Grains Characteristics (size, shape and strength)
There is sufficient evidence in the literature to correlate the extent of particle
degradation to grain characteristics, namely, mineral composition and structure, texture,
friability, degree of weathering, brittleness, hardness, shape and size.

From

comparisons between research on sand and rockfill it was shown that coarser grains
were generally associated with more particle crushing (Lee and Seed, 1967; Vesic and
Clough, 1968; Lee and Farhoomand, 1967; Fumagalli et al., 1970). It has been shown
that, at a similar level of stress and independent of type of material, gradation and
degree of packing, the crushing of angular particles was higher than that of rounded
grains (Lee and Seed, 1967; Robert and De Souza, 1958; Lee and Farhoomand, 1967).

Leslie (1963) indicated that the effect of oversized particles on the extent of grain
breakage was insignificant. However, Marachi et al. (1972) showed that for different
sizes of rockfill specimens, the amount of particle breakage increased as the maximum
particle size increased. The increase was more distinct for tests with high confining
stresses. This behaviour can be explained by the Griffiths (1921) crack theory, which
states that the fracture strength of a particle decreases as its size increases due to the
increased probability of inherent flaws and cracks in the particles.
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Very few studies on road base and railway ballast were concerned with the effect of
grains characteristics on the crushing behaviour of these materials. The published data
showed however, that presence of small amount (< 25 %) of flaky grains in the road
base specimens increased the extent of particle breakage (Gur et al., 1971), while Roner
(1985) reported an increase in grain crushing when the particle size of quartzite railway
ballast was increased.

b. Sample Characteristics (gradation and density)
Several types of sand prepared for a range of relative density and with different PSD
curves were studied by Lee and Seed (1967) and Vesic and Clough (1968). The tests
were performed at a high level of confining stress and collected data revealed that the
extent of breakage increased as the coefficient of uniformity approached the limiting
value 1.

Marsal and La Rosa (1976) performed triaxial tests on rockfill-soil (sand, silt and clay)
mixture. They found that the grain breakage gradually reduced with an increase in
percentage of the soil fraction. The highest breakage was recorded for the clean rockfill
specimens. These findings confirmed earlier reports by Kjærnsli and Sande (1963) and
Marsal (1973) that the crushing of uniform material was higher than that of well-graded
material. It was also shown that grains exhibited higher fracturing as their porosity
increased, i.e. lower initial dry density.

Earlier studies on railway ballast were not concerned with relating the gradation of
material to the crushing mechanism. However, more recent research by Ravitharan and
Martin (1996) on various types of railway ballast reported that, by eliminating fractions
92

Chapter 2: Critical review of granular media with special reference to railway ballast

finer than 19.1 mm and larger than 40 mm from a given gradation, a higher rate of
degradation was observed for the same test conditions.

The cycled tests were

performed in a semi-confined cylindrical apparatus and the load was applied at a
frequency of

6 Hz, though the type of ballast was reported.

2.5.2.3 Effect of Particle Breakage on Strength and Deformability
The most important factor affecting both the shear strength and the compressibility of a
granular material is the phenomenon of fragmentation (when subjected to changes in its
state of stress during both isotropic compression and shear). Marsal (1973) presented
the correlation of principal stress ratio at failure to particle breakage for different types
of rockfill materials, as shown in Figure 32. This figure shows that the strength of the
materials decreases as the particle breakage increases. Figure 33 shows the effects of
particle breakage and applied axial stress on the one-dimensional compressibility of
rockfill. The relationship between particle breakage and change in void ratio for both
loose and dense material are S-shaped curves. This change in void ratio may be a result
of the rearrangement of grains and the filling of the voids within the new particle
distribution due to breakage.

Studies by Marachi et al. (1972) showed that the relationship between the angle of
internal friction and the particle breakage was unique for each tested material, provided
the initial void ratio was the same. This trend was independent of the maximum particle
size of the sample. Leslie (1963) found that the decrease in angle of internal friction
was proportional to the increase in particle breakage.

In contradiction with the findings from tests on sand and rockfill, Raymond and Davies
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Figure 32. Stress ratio at failure versus particle breakage (Marsal, 1973)

Figure 33. Effect of particle breakage on compressibility from oedometer tests
(Marsal, 1973)
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(1978) concluded that the change in stress state on the specimens did not produce any
effect on the extent of particle degradation. It should be mentioned that the findings
were reported for only one type of ballast and that they are in contradiction with the
general grain crushing characteristics of granular media. More recent studies by Selig
and Devullapany (1991) and Ravitharan and Martin (1996) reached the conclusion that
there is a correlation between stress state and the magnitude of particle degradation.
Consequently, an extensive investigation is necessary to clarify the breakage
mechanism applicable to railway ballast.

2.6 CONCLUDING REMARKS AND RELEVANCE TO CURRENT
RESEARCH
Limited studies on the compressibility of railway ballast showed that it follows the
general trend of coarse grain materials, ie. grains breakage occurs even at lower level of
stress. Also, it was reported that the compressibility of ballast is highly affected by the
relative density.

However, no correlation was presented between the stress level,

placement density, and the degree of grains fragmentation of railway ballast to its rate
of consolidation. Furthermore, it is also necessary to investigate the effect of loading
pattern on the compressibility of railway ballast.

The reviewed research on sand and rockfill showed that their compressibility is affected
by the degree of saturation. It is expected that railway tracks laid with coarser grains
and uniform gradation to follow the same trends. In spite of this no attempt was made
to quantify the effect of flooding and saturation on compression of railway ballast.

Past research proved that the shear strength of railway ballast is affected by various
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factors such as the stress level, relative density and grains characteristics. It was also
reported that overall the shear strength behaviour of railway ballast resembled that of
coarse grained materials (rockfill). The effect of stress level was accounted for to some
extent. However, past research did not attempt to account and separate the effect of
relative density and grains characteristics on the shear strength of railway ballast. In
addition, it was recognized that the grain crushing governs the behaviour of coarse
grained materials at lower level of stress (specific for railway tracks) and qualitative
trends were reported no effort was made to correlate the extent of particle breakage to
the shear strength.

The extensive data on the behaviour of railway ballast under repeated loading brought
some light on the mechanism of plastic and elastic deformation. Yet, there are some
aspects that need further investigation. Most of the empirical relationships used to
estimate the plastic deformation describe the pattern observed during testing and depend
on the test conditions specific to a given test setting. The behaviour of railway ballast
under cyclic loading is controlled by the extent of deformations rather than the shear
strength, hence, the extent of grain degradation has to be accounted for. Even though
the load level to which the railway ballast is subjected is well below that causing failure
it is necessary to know how the deformation rate changes when the load is increased.

The current knowledge on the elastic behaviour of granular media is sourced from tests
and field measurements on materials used for flexible pavements (well graded, smaller
grains).

The behaviour of granular materials needs to be further investigated to

incorporate the specific aspects of railway ballast such as the particle breakage.
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The fragmentation of grains is a critical phenomenon especially for uniformly graded
coarser particles used in railway ballast and occurs even at the low levels of confining
pressure (specific to railway tracks). It was demonstrated that the extent of particle
degradation increases with the confining pressure, a phenomenon of particular
significance for ballasted railway sections laid on bridge decks. In spite of the evidence
of the critical effect of degradation of railway ballast on its performance, only
qualitative estimates of the extent of ballast grain crushing have been reported.
Consequently, further investigation is required to establish the degradation mechanism
of ballast and identify the factors that affect its behaviour under both monotonic and
cyclic loading.

The presented literature review showed that most of the current knowledge on the
behaviour of railway ballast is sourced from tests in the cylindrical triaxial equipment.
But, several researchers argued that the conventional triaxial equipment does not fully
replicate field conditions. Therefore, various other devices have been developed in
search for a satisfactory simulation of the railway track environment. Nevertheless they
proved to provide a level of confinement that significantly affected the deformation and
degradation character of railway ballast.

Therefore, the present research attempts to clarify the correlation that exists between
stress level, load pattern, relative density, and degree of saturation on the compression,
shear strength and deformation of railway ballast. The effect of particle crushing on the
compressibility rate, shear strength and deformation characteristic is also investigated.
Also, the effect of ballast type is to be investigated with regards to shear strength and
deformation and degradation characteristics.
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Also, it is the aim of this research to develop a novel cubical triaxial cell capable of
providing both boundary and applied stress-strain conditions characteristic of railway
tracks.

The stress-strain and degradation characteristics from both monotonic and

cyclic tests are compared and, based on the detailed laboratory results, an attempt is
made to formulate a new ballast degradation model that can accommodate both
monotonic and cyclic load boundary and applied stress-strain conditions.
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CHAPTER 3
REVIEW OF STRESS-STRAIN MODELS
FOR GRANULAR MEDIA
3.1 INTRODUCTION
Since the 1960’s an increasing effort has been made to comprehensively describe the
soil behaviour. A better understanding of the principles of mechanics, especially the
continuum mechanics enabled formulation of numerous stress-strain theories for soils.
It is desirable that the stress-strain theory be simple in form and be theoretically
consistent (Prévost and Popescu, 1996).

Furthermore, for practical application the

theory should require only a few soil parameters that can be obtained by common
laboratory tests. According to Prévost and Popescu (1996) the theory should be able to
simulate the variable aspects of soils under different stress conditions.
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Although extensive work to develop constitutive models for granular soil behaviour has
been undertaken, as yet there is no single stress-strain theory capable to fully represent
the behaviour of any material in all situations (Kondner and Zelasco, 1963; Poorooshasb
et al., 1966, 1967; Duncan and Chang, 1970; DiMaggio and Sandler, 1971; Lade and
Duncan, 1975; Sandler et al., 1976; Lade, 1977, 1980; Baladi and Sandler, 1980; Mroz
et al., 1979, 1981; Nova, 1982; Daouadji et al., 2001; Pestana and Wittle, 1995, 2002).
Christian (1980) indicated that there is no one best overall model and each model works
well in the application for which it was developed.

Also, coarse grained granular media such as rockfill materials and railway ballast
resemble an assemblage of discrete particles, it is the common practice to consider them
as a continuum and hence apply the theory of continuum mechanics when studying their
behaviour under stress (Prévost and Popescu, 1996). Therefore, the application of any
of the existing models, developed in general for finer-grained cohesionless materials, to
describe the behaviour of coarse grained uniform railway ballast requires extensive
modifications to allow for the specific behaviour associated with these characteristics.
A brief review of the relevant stress-strain theories for granular media is presented in
this chapter.

3.2 ELASTO-PLASTIC MODELS
3.2.1 Non-Linear Hyperbolic Model
Early studies showed that the theory of linear elasticity proposed by Timoshenko and
Goodier (1951) could not account for the dilatancy effect at low levels of stress and/or
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for the non-linear stress-strain relationship exhibited by granular soils.

Therefore,

Kondner and Zelasco (1963) proposed the use of a hyperbolic stress-strain relationship,
given by the equation:

σ1 − σ 3 =

εa
B′ + C′ε a

(3.1)

where (σ1-σ3) is the deviator stress, εa is the axial strain and B′ and C′ are coefficients
determined by fitting the laboratory results to a hyperbola. Experimental studies by
Janbu (1963) showed that a non-dimensional relation between the initial tangent
modulus and the confining stress could be established:

⎛ σ′ ⎞
= k ′ ⎜⎜ 3 ⎟⎟
pa
⎝ pa ⎠
Ei

n′

(3.2)

where Ei is the initial tangent modulus, σ′3 is the effective confining pressure, pa is the
atmospheric pressure, k′ is the modulus number and n′ is an exponent rating Ei and σ′3.

Duncan and Chang (1970) combined Eqs. (3.1) and (3.2) in order to obtain the
expression of the axial strain (εa) to be employed in finite element applications:

εa =

σ1 − σ 3
⎡
σ − σ ⎤⎥
⎢
1
3
Ei 1− R
f ⎛
⎞ ⎥
⎢
⎜σ − σ ⎟
3 ⎠f ⎥
⎝ 1
⎢⎣
⎦
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(σ1 − σ 3 )f
(σ1 − σ 3 )u

is the failure ratio (Rf < 1), (σ1-σ3)f is the compressive strength

or stress difference at failure, (σ1-σ3)u is the asymptotic value of stress difference. It
was also shown that the stress-strain behaviour of soil on unloading and reloading could
be approximated with a high degree of accuracy as being linear and elastic. This
behaviour was independent of the value of stress difference, whilst the representative
modulus was dependent only upon the confining pressure, σ3. Its variation may be
represented by:

E ur
= k ′ur
pa

⎛ σ ′3 ⎞
⎟⎟
⎜⎜
⎝ pa ⎠

n′

(3.4)

where Eur is the unloading-reloading modulus value, and k′ur is the corresponding
modulus number and n′ is a coefficient whose magnitude measures the influence of
confining pressure and was (for practical purposes) the same for unloading-reloading as
for primary loading. However, Lade and Duncan (1975) showed that the hyperbolic
representation of the stress-strain relations did not accurately model such effects as the
influence of the intermediate principal stress, the dilatancy and the stress path
dependency. Also, Christian (1980) predicted difficulties in the application of the
hyperbolic model when a significant non-linear response was anticipated, and it worked
best when the deviations from linear response under the working loads were small.

3.2.2 Lade’s Elasto-Plastic Model
Based on the results from cubical triaxial tests on granular soil, Lade and Duncan (1975)
developed an elasto-plastic stress-strain theory able to describe the general three102
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dimensional stress conditions, in which the characteristic soil parameters employed in
the model could be derived entirely from the conventional triaxial tests. Lade (1977,
1980) expanded the model in order to incorporate additional aspects of soil behaviour to
the theoretical framework. Lade (1980) stated that the model is able to simulate special
aspects of soil behaviour such as non linearity of the elastic modulus, influence of the
intermediate principal stress, work-softening, stress-path dependency involving
anisotropic loading, and shear-dilatancy effects.

The total strain increment, (dεij), in this model is divided into an elastic component,
( dε ije ), a plastic collapse component, ( dε ijc ) and a plastic expansive component, ( dε pij ),
such that:

dε ij = dε ije + dε ijc + dε pij

(3.5)

The yield surfaces for the plastic strain components in the triaxial plane are presented in
Figure 34.a, where the conical yield surfaces are curved in planes containing the
hydrostatic axis, and the collapse yield surface is shaped as a sphere with the centre at
the origin of the principal stress space. The failure of the sample was controlled entirely
by the conical yield surface whereas the yielding resulting from the outward movement
of the cap did not result in eventual failure.

The plastic expansive strains were

calculated from a non-associated flow rule while the plastic collapse strains were
obtained from an associated flow rule.

The plastic strain increment vectors

superimposed on the stress space are shown in Figure 34.b.
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(a)

(b)

Figure 34. Definition of: (a) Lade model conical and spherical yield surfaces and
(b) the components of plastic strain increments superimposed in triaxial plane
(after Lade, 1977, 1980)

3.2.2.1 Elastic Strains
The elastic strains were calculated from the Hooke's Law using unloading and reloading
moduli defined by Janbu (1963) in Eq. (3.4) and a Poisson's ratio of 0.2 for sand.

3.2.2.2 Plastic Collapse Strain Increment
The plastic collapse strains could be calculated from a cap type spherical yield surface
incorporating an associated flow rule and a work-hardening relationship. The yield
function (fc ) or the plastic potential function (gc) is given by:

fc = gc = I12 + 2 I 2

(3.6)

where, I1 and I2 are the first and second invariants of the stress tensor. The equation of
the plastic collapse strain increments is then expressed as:
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dε ijc =

dWc σ ij
fc

(3.7)

where dWc is an increment in work per unit volume for a given value of fc, and can be
obtained from empirical relationships by using data from triaxial isotropic compression
tests.

3.2.2.3 Plastic Expansive Strain Increment
The plastic expansive strain increments can be evaluated with the conical yield surfaces,
which can be expressed in the form:

⎛ I13
⎞ ⎛ I ⎞ξ
⎜
− 27 ⎟ ⎜⎜ 1 ⎟⎟
fp =
⎜I
⎟ p
⎝ 3
⎠⎝ a ⎠

(3.8)

and at failure,

fp = ξ1

where I1 and I3 are the first and third invariants of stress tensor, pa is the atmospheric
pressure, and ξ and ξ1 are material constants to be determined by experiments.

The plastic potential function (gp) for the plastic expansive strains is expressed by:

gp =

I13

ξ
⎡
⎛ pa ⎞ ⎤
− ⎢27 + ξ 2 ⎜⎜ ⎟⎟ ⎥ I 3
⎢
⎝ I1 ⎠ ⎥⎦
⎣

(3.9)

where ξ2 is a material constant for a given fp and σ′3. From Eqs. (3.8) and (3.9) the
equation of the plastic expansive strain increments can be expressed as:
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d ε pij = d λp

∂gp
∂σ ij

(3.10)

where dλp is the positive scalar factor that can be evaluated empirically by incorporating
the work-hardening related to the plastic work, (dWp). dWp can also be determined
experimentally for an increase in the stress level, dfp.

Lade’s model eliminated many of the limitations and difficulties of previous models
and, as observed by Poorooshasb and Selig (1980), if there is no restriction on the shape
of the yield loci, this model has potential to describe more complicated behaviour of
soils. However, a total number of fourteen soil parameters are incorporated into this
model, obtained from semi-empirical relationships based on numerous test data and
whose evaluation requires some care.

3.2.3 Elliptic Cap Model
DiMaggio and Sandler (1971) proposed an elasto-plastic model with a capped yield
surface for granular materials. The model consists of a stationary ultimate strength
(failure) surface and a moving strain hardening cap which is situated somewhere
between the failure surface and the hydrostatic axis.

Sandler et al. (1976) later

generalized the model to adequately describe the behaviour of soils and rocks. Similar
types of capped model (Fig. 35) were employed by others in the simulation of ground
shock (Baladi and Rohani, 1979; Sandler and Baron, 1979; Baladi and Sandler, 1980).
Baladi and Rohani (1979) stated that these models can also include different levels of
complexity that account specifically for various characteristics such as anisotropy,
kinematic hardening or softening and cyclic loading.
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Figure 35. Definition of the elliptic cap yield surface
(after Baladi and Rohani (1979)

Similar to the elasto-plastic stress-strain theory, the total strain increment, dε , can be
ij

divided into two components viz., an elastic component, ( dε e ) and a plastic component,
ij

( dε p ) such that:
ij

dε = dε e + dε p
ij

ij

ij

(3.11)

3.2.3.1 Elastic Strain Increment
For isotropic materials the elastic strain increment tensor ( dε ije ) takes the form:

d s ij
⎛dI ⎞
dε ije = ⎜⎜ 1 ⎟⎟ δ ij +
2G
⎝ 9K ⎠

(3.12)

where dsij is the deviator stress increment, and K and G are the elastic bulk and shear
moduli respectively. In this model, K and G have their own expressions that are
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functions of first invariant of stress tensor (I1), second invariant of stress deviator (J2)
and plastic volumetric strain ( ε pv ).

3.2.3.2 Equation of Yield Loci
The loading function consists of two surfaces (Fig. 35), an ultimate failure surface (F)
that serves to limit the maximum shear strength of the material, and a strain-hardening
elliptic yield surface (f), respectively given by the expressions:
Ultimate failure envelope:

F(I ,
1

J2

)=

J 2 − α I1 = 0

(3.13)

Elliptic yield surface:

f (I ,
1

) = (I1 − L )

2

J 2 ,κ

+ R 2 J 2 − (κ − L ) = 0
2

(3.14)

where α is the slope of failure envelope (Fig. 35), R is the ratio of the major to minor
axis of the elliptic yield surface, κ is the hardening parameter and L is I1 at the centre of
the hardening surface. The value of R depends on the initial compaction state of the
material, and the hardening parameter (κ) is generally a function of the history of the
plastic volumetric strain.

3.2.3.3 Plastic Strain Increment
The plastic strain increment can be expressed in terms of the hydrostatic and deviatoric
components as follows:
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⎡⎛
⎛ 1
∂f ⎞⎟
⎜
dε pij = d λ ⎢⎜⎜
δ
+
ij
⎜2 J
⎢⎝ ∂I1 ⎟⎠
2
⎝
⎣

⎞
⎟
⎟
⎠

⎛ ∂f
⎜
⎜∂ J
2
⎝

⎞ ⎤
⎟s ⎥
⎟ ij ⎥
⎠ ⎦

(3.15)

The proportionality factor, dλ, can be determined by substituting Eqs. (3.11) and (3.15)
into the condition consistency given by:

df =0

(3.16)

The elliptic cap model could be applied to the general three-dimensional stress
condition, as it is able to predict quite complex soil behaviour such as anisotropy,
kinematic hardening or softening, and cyclic loading. However, it also requires fourteen
soil parameters, of which eight are necessary to define the stress-dependent elastic bulk
and shear moduli (i.e. K and G). Considering that the elastic strains are small relative to
the plastic strains, the number of parameters could be significantly reduced, though the
parameter R is very sensitive and can be evaluated only through a trial and error process
to ensure a good fit to the stress path and the stress-strain curves from uniaxial strain
tests. Reviewing the constitutive relations for soils, Prévost and Popescu (1996) argued
that this model did not adequately predict the stress-induced anisotropy and could not be
applied to cyclic loading conditions.

3.2.4 Variable Moduli Model
Nelson and Baron (1971) proposed a mathematical material model in which the basic
constitutive law is an isotropic relation between the increments of stress and strain.
Although the model does not define an unique stress-strain relation nor an explicit yield
condition, Janardhanam (1981), Desai and Siriwardane (1982, 1983) and Janardhanam
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and Desai (1983) showed that it could reasonably describe the elasto-plastic behaviour
of railway ballast. An incremental form of the stress-strain relation in this model was
proposed by Nelson and Baron (1971) and is given by:

ds ij = 2 G dγ ij
(3.17)

dp ij = 3 K dε ij

where dsij is the increment of deviatoric stress tensor, dpij is the increment of mean
stress tensor, dγij is the increment of deviatoric strain tensor, dεij is the increment of
mean strain tensor, K is bulk modulus, and G is the shear modulus. In the combined
stress-strain variable moduli model, both the shear modulus and bulk modulus are
assumed to depend upon the stress and strain invariants. For the loading part, these
moduli are given by:

K = K o + κ1Ι ′ + κ 2 Ι ′ 2
1

2

(3.18)
G = Go + γ 1

I
1+γ
2 J2
3

where I1 is the first invariant of the stress tensor, J2 is the second invariant of the stress
deviator, I′1 and I′2 are the first and second invariants of the strain tensor, κ1, κ2, γ1 and
γ2 are material parameters and, Ko and Go are the initial bulk and shear moduli,
respectively.

The material constants for the bulk modulus equation need to be

determined from an isotropic compression test in which the pressure and volumetric
strains are measured, whereas the constants in shear modulus equation can be
determined from shear tests or conventional triaxial compression tests.
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It was shown that the unloading and relating moduli could be expressed as functions of
the stress and strain invariants in similar manner as the loading moduli in Eqs. (3.18).
It was suggested that in order to simplify the analysis, the unloading and reloading
moduli could be adopted as the initial modulus (at zero stress level), or a multiple of the
initial modulus, or perhaps as an average value of the mean slope of the unloading and
reloading portions of the stress-strain curves.

The most important development for plastic models able to simulate only moderate
unloading was that reported by Mroz (1967) and Iwan (1967).

Their concept to

represent the continuous yielding of soils by a set of nested yield surfaces in stress space
was adopted by Prévost (1978, 1980) and further developed by Mroz (1980) and Prévost
(1985) where the initial concepts were combined with kinematic and isotropic
hardening/softening plastic rules to obtain models of considerable power and flexibility.

On the other hand, Dafalia (1975, 1980, 1986) introduced the ‘bounding’ surface model,
which is within the framework of the critical state soil mechanics. The bounding
surface model allows the plastic deformation to occur for a state of stress in the
bounding surface by rendering the plastic modulus as an increasing function of the
distance between the actual stress point and an image point on the bounding surface.
When the actual stress point reaches the bounding surface, then the bounding surface
behaves as a classical yield surface. Aboim and Roth (1982) further developed the
concept of the bounding surface model in order to simulate the cyclic behaviour of
sands. Employing the concept of a field of hardening moduli, Mroz et al. (1979, 1981),
Mroz and Pietruszczak (1983) and Crouch and Wolf (1994) proposed a general
anisotropic hardening model to predict the behaviour of soil subjected to both static and
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cyclic loading. This model takes account of both isotropic and anisotropic hardening by
assuming two surfaces, the bounding (consolidation) surface and the yield surface.
However, as discussed by Prévost and Popescu (1996), both theories (nested yield
surfaces and ‘bounding’ surface) suffer inherent limitations, namely, storage
requirements for the multi-surface theory, ‘a priori’ selection of an evolution law and
the arbitrary application of the mapping rule for the bounding surface theory.

3.3 RESILIENT BEHAVIOUR MODELS
3.3.1 Boyce’s Model
Identifying the influence of normal stress and stress ratio on the resilient characteristics
of granular materials and from observations on well-graded limestone aggregates,
Boyce et al. (1976) developed a model that accounts for any stress level and stress path
to which the specimen might be subjected during triaxial tests. The stress path was
defined in a p-q space in terms of the mean stress ratio (Sm = qm/pm) and the resilient
stress ratio (Sr = qr/pr), as presented in Figure 36. The stress path could be expressed,
in generalized form, in terms of components in the directions A and B. The normalized
expressions with respect to pm are, for mean stress:

TmA = 1 +

4
Sm
3
(3.19)

2
TmB = 1 − S m
3
and for repeated stress:
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Figure 36. Definition of parameters for Boyce et al. (1976) model

TrA =

4
qr
3

pr +

pm

(3.20)
TrB =

pr

−

2
qr
3

qm

where pm and qm are the mean normal and shear stresses and pr and qr are the resilient
normal and shear stresses (Fig. 36). The resilient strain (εwr) could also be expressed by
two components in the corresponding strain direction as follows:

ε wrA = ε vr + 2γ r

(3.21)
ε wrB = ε vr − γ r

where εvr is the resilient volumetric strain and γr is the resilient shear strain. The overall
dependency of the resilient strain on the mean and repeated stresses for the considered
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A and B directions is given by an expression of the form:

m

ε wr

⎛p ⎞
⎛ 2Tr ⎞
⎟⎟
= ⎜⎜ m ⎟⎟ sinh ⎜⎜
⎝ Tm + 1 ⎠
⎝ k3 ⎠

(3.22)

where k3 and m are material constants. For specific circumstances (qm, qr and pr are
small compared with pm) Boyce’s model is in agreement with the K-θ model, and for
these conditions Tm ≅ 1 and Tr is small, and Eq. (3.22) then becomes:

ε wr

⎛ p ⎞
= ⎜⎜ m ⎟⎟
⎝ k ′3 ⎠

m′

Tr

(3.23)

However, this model suffers a few shortcomings: the coefficients k3 and m were
determined only for the material tested by Boyce, and the specimens were subjected to
only four load cycles for each effective stress in order to minimize the number of
specimens prepared. Therefore, considering that the resilient modulus changes as the
test proceeds (Brown, 1974; Shenton, 1975; Alva-Hurtado, 1980) this could be a
limiting factor of the validity of the model, apart from the requirement that
modifications may be required to suit the results for different materials.

3.3.2 Pappin and Brown’s Model
Pappin and Brown (1980) showed that the model developed by Boyce et al. (1976) is
quite difficult to employ in a numerical analysis. Using an extensive database for road
base materials a new model was developed, which in turn underwent various
modifications, of which the one of most interest for design is that of Mayhew (1983).
This so-called ‘contour model’ was derived from the position of shear and volumetric
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strain contours superimposed on p′-q stress space. The pattern of the strains can be
modelled by the following equations that were reviewed by Brown and Selig (1991):
Resilient volumetric strain:

ε vr

b
⎡
⎛ p′ ⎞ 3
⎢
⎟ 1 − c η2
= ∂ ⎜⎜
3
⎢ a ⎟
⎢⎣⎝ 3 ⎠

(

⎤
⎥
⎥
⎥⎦

)

(3.24)

Resilient shear strain:

e
⎡
⎤
⎛ p′ ⎞ 3 ⎥
⎢
⎟ η
γ r = ∂ ⎜⎜
⎢ d ⎟
⎥
⎢⎣⎝ 3 ⎠
⎥⎦

(3.25)

where a3, b3, c3, d3 and e3 are constants determined from experiments, η = q/p′ and the
stresses are in kPa. The key features of the stress-strain relationships presented in Eqs.

(3.24) and (3.25) are that volumetric strain is non-linearly related to the mean normal
effective stress and has a term reflecting dilation which depends on the stress ratio η,
and that shear strain depends principally on stress ratio. The stress-dependent values of
secant resilient bulk and shear moduli, Kr and Gr, could then be computed using the
following equations:

Kr =

p′
ε vr

(3.26)

Gr =

q
3 γr

(3.27)
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which could then be used to determine the Young’s modulus and Poisson’s ratio based
on the generalized Hooke’s law. Although the model was developed from tests on dry
materials, work by Thom and Brown (1989) and Pappin and Brown (1992) on saturated
and partially saturated specimens proved the validity for such cases provided that the
mean normal stress term is the effective stress (p′).

Boyce (1980) suggested that the elastic (resilient) behaviour resulted purely from
particle deformation at the points of contact, and therefore the rules of the interaction of
spherical particles proposed by Timoshenko and Goodier (1970) should be followed.
Noting that an increment of deviator stress could cause volumetric strain and one of
normal stress could cause shear strain, Boyce used the theorem of reciprocity

⎛ ∂ε vr ∂γ r ⎞
⎜⎜
⎟ and proposed a model to describe the nonlinear elastic behaviour of road
=
∂p′ ⎟⎠
⎝ ∂q
base, based on bulk and shear moduli given by the following equations:

Kr =

m1 p′ (1-l )
⎛q⎞
1 - β1⎜⎜ ⎟⎟
⎝ p′ ⎠

2

Gr = m 2 p′ (1-l )

where β1 = (1 - l )

m1
m2

(3.28)

(3.29)

and, l , m1, and m2 are material constants. The assumption that

the resilient behaviour of the material is purely the result of grain deformation at points
of contact is perhaps not appropriate to a railway environment that is characterized by a
larger level of elastic deformation which may include particle slip and grain crushing,
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as suggested by O’Reilly and Brown (1991).

Sweere (1980) and Jouve and Elhannani (1993) stated that Boyce’s model did not fit
their experimental data very well. A practical modification was therefore recommended
which enabled also the anisotropic behaviour to be accounted for. Therefore, they
proposed to allow the coefficient l in Eqs. (3.28) and (3.29) to be different for Kr and

Gr. They also suggested elimination of the relationship between β1 and the other
parameters for better calibration to the experimental results.

3.4 CONCLUDING REMARKS AND RELEVANCE TO CURRENT
RESEARCH
Several models were developed to describe the granular materials behaviour, however,
it was suggested that any model would work best in an application for which it was
developed (Christian, 1980; Prévost and Popescu, 1996).

The hyperbolic model

(Duncan and Chang, 1970) proved to be trouble-free for practical application.
However, it ignored the effect of the intermediate principal stress and Lade and Duncan
(1975) and Christian (1980) anticipated difficulties when this model was applied to soils
exhibiting significant non-linear behaviour.

The cap models such as those developed by DiMaggio and Sandler (1971), Sandler et
al. (1976), Baladi and Rohani (1979) and Baladi and Sandler (1980) are the most
popular in the category of elasto-plastic models. Prévost and Popescu (1996) noted the
major limitations of these models, viz. the stress-induced anisotropy was not adequately
modelled and could not be applied to cyclic loading conditions. Lade and Duncan
(1975) and Lade (1977, 1980) using the results from true-triaxial tests proposed an
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elasto-plastic model, which according to Poorooshasb and Selig (1980) proved to have
significant potential in describing complicated behaviour of soil provided that no
restriction on the shape of the yield loci was imposed. Though, the model is not
attractive for practical applications due to the large number of parameters to be
established, even if they could be estimated from conventional triaxial test results.

Nelson and Barton (1971) proposed the variable moduli model, which gave a reasonable
description of the elasto-plastic behaviour of soil. In this model the bulk and shear
moduli employed in the incremental stress-strain relationships were expressed as
functions of stress and strain tensor invariants (Desai and Siriwardane, 1983;
Janardhanam and Desai, 1983). This model does not define a unique stress-strain
relationship or specify an explicit yield condition.

Although some of these models proved to have the capacity to describe the loadingunloading-reloading behaviours, past research did not report their application to
simulate the plastic deformation (remanent) occurring in railway ballast. It appears that
the elastic (resilient) behaviour of granular materials were better understood enabling
some good formulations for stress-strain relationships.

Boyce et al. (1976) model, applicable to any stress path and level, defined the resilient
strains in term of both repeated and mean normal stresses. However, its implementation
in numerical analysis was difficult and Pappin and Brown (1980) argued that it might
not provide a reliable simulation for any type of material subjected to large number of
load cycles. The ‘contour model’ developed by Pappin and Brown (1980), modified by
Mayhew (1983) and Brown and Selig (1991) and based on the position of shear and
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volumetric strain contours in stress space, was shown to describe the behaviour of soil
with different degrees of saturation (Thom and Brown, 1989; Pappin and Brown, 1992).
The volumetric strain varied non-linearly with the effective mean normal stress and
incorporated the dilation effect, dilation that together with the shear strain was affected
by the stress ratio. The Young’s modulus and Poisson’s ratio could be computed by
employing the secant resilient bulk and shear moduli, expressions of the variable
moduli model proposed by Nelson and Barton (1971).

Boyce (1980) proposed new expressions for the resilient bulk and shear moduli
assuming that the resilient behaviour was the result of the elastic deformation of grains
at contact points.

These expressions employed a reciprocity relationship between

stresses and strains and the Timoshenko and Goodier (1970) rule. O’Reilly and Brown
(1991) argued that its theoretical assumptions might not apply to railway track
conditions, whereas Sweere (1980) and Jouve and Elhannani (1993) suggested a few
modifications to Boyce’s model in order to allow for anisotropic behaviour and better
fit to the experimental results.

These models were developed for fine grained materials or for materials having smaller
maximum grain being well graded at the same time. It was also revealed that the coarse
grained uniform railway ballast undergo grains crushing even at lower level of stress.
Hence, this is an important aspect of railway behaviour that has to be accounted for.
The big limitation of the reviewed models besides the grain size and gradation
difference is the fact that they do not contain a parameter to account for degradation of
particles.
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CHAPTER 4
TEST EQUIPMENT AND CALIBRATION
4.1 INTRODUCTION
Given the requirement for testing large specimens of railway ballast the existing largescale consolidation cell and triaxial equipment had to be modified to facilitate the
proposed testing program. Also, a novel large-scale prismoidal testing device was
specifically designed for the purpose of testing ballast and was built in the workshop of
Rail Services Australia of New South Wales.

This equipment is called Process

Simulation True Triaxial Rig (PSTTR) in the thesis.

The layout of the existing equipment, the loading and measuring systems and the
required modifications are described first.

This is followed by the design and

development of the new testing device constructed specially for this study. The chapter
concludes with a description of the calibration of the transducers and the relevant
instrumentation correction relationships.
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4.2 EXPERIMENTAL APPARATUS
4.2.1 Large-Scale Consolidation Cell
4.2.1.1 General Layout
Based on testing requirements for granular media presented in Section 2.5.3 and
reviewed in detail elsewhere (O’Reilly and Brown, 1991; Hicher, 1998), a large-scale
consolidometer (Indraratna et al., 1997) was employed to determine the compression and
degradation characteristics of the railway ballast. The fixed ring type consolidometer
consisted of the consolidation cell, the axial loading system, the axial and volume
change measurement units, the hydraulic saturation system and the pore pressure
measurement device. This equipment was designed initially to study the effect of
vertical sand drains on the consolidation of saturated clay fills, hence has a high H/D
ratio exceeding 2. The main function of this equipment is to:
•

monitor one-dimensional compression for dry and saturated specimens;

•

allow permeability tests to be run under controlled hydraulic gradient.
The layout of the large-scale consolidation cell is presented in Figure 37.

4.2.1.2 Consolidation Cell
The galvanized consolidation cell is made up of two half cylinders. The cylinder is 1 m
high with an internal diameter of 450 mm and a uniform wall thickness of 6 mm. The
ratio H/D of 2.22 is large for conventional consolidation testing and a reduction in axial
stress towards the bottom of the cell can result due to friction between the specimen and
the cell boundary (Marsal, 1973; Parkin and Adikary, 1981). Therefore, in order to
minimize this reduction in axial stress based on the recommendations of Parkin and
Adikary (1981), Hsu (1984) and Lee (1986), it was decided to reduce the height of the
specimen, so that the H/D ratio was less than unity.
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Figure 37. Longitudinal section through large-scale consolidation cell (modified
after Indraratna et al., 1997)

Consequently, a specimen height of 400 mm was adopted. The resulting H/D ratio of
0.89 was between those used by Parkin and Adikary (1981) and Lee (1986) for 1-D
compression of coarse well-graded rockfill materials. This was accomplished by placing
a rigid steel base (600 mm high) inside the cell. The steel base included a drainage tube,
connected to the original drainage line of the consolidation cell, to facilitate the
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saturation and drainage of the specimen during the test. A comprehensive literature
review showed that two methods are commonly used to minimize the friction between
the specimen and the cell wall. The first method, employed by Holtz and Gibbs (1956)
and Parkin and Adikary (1981), involved the application of graphite powder to the cell
wall. The second method, developed by Marsal (1973) and Lee (1986), used layers of
greased paper applied to the cell walls and this was the approach adopted in the present
study.

In order to evaluate the variation of compressibility and degradation with depth of
ballast, it was decided to divide the initial height of the specimen into two. The cell was
arranged to have two equal sections, each 200 mm in height, separated by a thin nonwoven geo-fabric layer. It was considered that the two sections of ballast specimens
would behave as two separate entities. On the opposite sides of the outer surface of the
compression cell, strain gauges were installed in pairs, in both the vertical and horizontal
directions. These sets of strain gauges, described in detail in Section 4.2.1.3.b, were
installed at the mid-height of each of the two sections of the compression cell. This
enabled the computation of horizontal stresses resulting from the restraint of the
specimen as the axial stress was increased. Also, it allowed the estimation of the axial
stress reduction caused by friction between the cell wall and the ballast. In order to
eliminate any additional breakage at the interface between the specimen and the rigid
base, a rubber mat with an elastic modulus of 5 MPa was placed on the base.

4.2.1.3 Loading System
Axial compression was applied by means of a pressure chamber located at the top of the
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Air pressure was supplied from a remote air compressor that was activated

whenever the pressure dropped below a preset limit. The maximum loading pressure
was 1.2 MPa (equivalent to a normal load of 19.5 tonnes on the specimen). This level of
loading is well above that typically encountered in the field on in-situ ballast layers,
even for the worst track conditions such as a dip in the rail and a wheel flat on poor
subgrade, which can cause the wheel load to increase three-fold. A pressure transducer
(Shaevith, maximum capacity 1500 kPa) was attached to the pressure chamber and
connected to a pressure regulator (Norgreen, maximum capacity 2.5 MPa and
recommended range 16 – 1500 kPa) containing a pressure gauge (Bundenberg) that
allowed the pressure to be set to a specified level.

The pressure transducer was

connected to a digital display (Amalgamated Measurements PM6-IV, reading precision
1 kPa). The maximum stroke of the compression chamber piston was 150 mm (i.e. 37.5
% strain).

4.2.1.4 Strain Measuring Units
a. Vertical Displacement Measurement
The loading plate can tilt during the application of pressure as its connection to the
piston is not rigid. Therefore, displacement was monitored precisely from the outside of
the cap using a linear voltage differential transducer (LVDT) that read the movement of
the piston relative to the cell cap. The Gefran PC (GF-PCM 150S) LVDT had a
maximum displacement of 150 mm and was connected to a digital displacement meter
(Gefran Sensori 250) with a display accuracy of 0.1 mm or 0.025 % strain.

b. Radial and Longitudinal Strain Measurement
Both the circumferential (hoop) and longitudinal strains acting on the wall of the
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confining cell were measured to determine the lateral and vertical stresses applied by the
compressed specimen (Hicher, 1998). By using elastic theory applied to the steel wall,
the horizontal stresses in the ballast specimen at the level of the gauges were computed.
Eight electrical strain gauges (Showa, 25 mm long) were installed at two levels in two
diametrically opposed positions and were identified from 1 to 8, horizontal and vertical,
left and right, top and bottom, as presented in Figure 38. These strain gauges were
connected to two strain meters (HBM Digitaler Dehnungsmesser DMD) that allowed the
measurement of strains (in microstrain) on separate channels. The hoop and longitudinal
strain gauge readings were then transformed into lateral and vertical stresses at the
selected points by the use of calibration charts that were established prior to testing and
discussed in detail in Section 4.3.

4.2.2 Large-Scale Triaxial Equipment
4.2.2.1 General Layout
Based on the recommendations for testing particulate media presented in Section 2.4.4
and discussed by others (O’Reilly and Brown, 1991; Hicher, 1998), the large-scale
cylindrical triaxial equipment (Indraratna et al., 1998) was used to investigate the stressstrain and degradation characteristics of railway ballast under monotonic loads. The
large-scale triaxial apparatus can accommodate specimens of 300 mm diameter and 600
mm height. The sample size ratio of six (for a specimen with a maximum particle size
of 50 mm) minimized the boundary effects on ballast behaviour (Marachi et al., 1972;
Indraratna et al., 1993; Salman, 1994). Also a H/D ratio of 2 minimises end effects on
the behaviour of ballast specimens (Rowe and Barden, 1964; Bishop and Green, 1965;
Fukushima and Tatsuoka, 1984). The triaxial apparatus consists of five main parts, viz.,
the triaxial chamber, the vertical loading unit, the air pressure and water control unit, the
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Figure 38. Position of electrical strain gauges on the consolidation cell walls

pore pressure measurement device and the axial and volume change measurement
systems. A schematic diagram of the triaxial apparatus is given in Figure 39, whilst
Figure 40 presents a detail of the set-up of the specimen inside the triaxial chamber
(Indraratna et al., 1997).

4.2.2.2 Triaxial Chamber
A triaxial chamber enables a vertical cylindrical sample to be confined inside a
membrane by a uniform radial fluid pressure while an independent axial stress is applied
to the specimen by a piston. In this investigation, the neoprene membrane had an
average thickness of 4 mm whilst the specimen itself was encapsulated in a stainless
steel cell (615 mm outside diameter and 945 mm in height with a 30 mm wall thickness)
capable of resisting confining pressures as high as 4 MPa.

This triaxial cell was

designed to enable testing of rockfill specimens. Pore water pressures exceeding 1 MPa
can be developed and accurately measured. The cell body was provided with three high
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Figure 39. Schematic diagram of the triaxial loading unit

Figure 40. Specimen set-up inside the triaxial chamber (Indraratna et al., 1998)
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strength glass windows for visual observations (Figures 39 and 40). The top and
bottom plates of the triaxial cell were drilled for connections which enabled the
application of confining pressure, specimen vacuum, back saturation and drainage and
facilitated pore water pressure monitoring, as shown in Figures 41. Upper and lower
platens, provided with 10 mm thick porous brass plates, allowed the passage of water for
saturation of the specimen and the required measurements, but prevented any loss of
fines into the drainage or measurement systems (Figures 40). A portable crane was
used to assemble the specimen. The entire chamber was moved under and out from the
loading frame by mean of three detachable wheels. During testing, the wheels were
removed to ensure full contact between the cell bottom platen and the loading frame
stand.

4.2.2.3 Vertical Loading Unit
The rigid load frame consisted of four steel columns (70 mm diameter) and a cross-head
(Figs. 40 and 41). The frame incorporated a hydraulic loading system, located at the
top, capable of applying static forces up to 200 tonnes, equivalent to a 140 MPa pressure
on a piston 133 mm diameter. The double action (push/pull = 1987/993 kN) hydraulic
jack (Enerpac, RR-2006) had a maximum stroke of 150 mm, so the maximum
achievable axial strain was 25%. This vertical loading system could operate in either a
constant strain or a constant stress regime. A two-stage directional controlled electrohydraulic pump (Reuland oil pump), capable of a maximum pressure of 70 MPa,
provided the hydraulic pressure to the axial loading unit.

A pressure transducer (Shaevith) was connected to the hydraulic jack cylinder and
linked to a digital display (Amalgamated Instruments PM6-IV, reading accuracy of
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Figure 41. View of the triaxial cell set for a test

1 kPa) mounted on the control panel. This enabled accurate control of the applied axial
pressure on the specimen. The normal load was applied to the test specimen by a 100
mm diameter stainless steel ram located at the top of the cell.

Ram friction was

minimized by the use of the bond centered bronze (bush) bearing system, a modified
system of those employed by others (Lee, 1986; Indraratna et al., 1993). It proved to be
effective in minimizing the friction between the ram and the cell collar and as most
systems the piston would fall, gradually, under its own weight.

4.2.2.4 Air Pressure and Water Control Unit
Two separate control units were required: the first monitored and controlled the supply
of air, whilst the second controlled the supply of the water required for saturation of the
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specimen and for the application of hydraulic pressure. Air pressure (maximum 1 MPa)
was supplied to the transfer chamber (air/water receiver) mounted beneath the control
panel from a mobile air compressor unit. For tests performed at a lower range of
confining pressure, in lieu of the standard air compressor, air supply could be also
provided from compressed air bottles (maximum air pressure of 300 kPa). Air pressure
supplied to the air/water receiver was controlled through a pressure regulator and
monitored at the control panel on a dial-type pressure gauge with a reading accuracy of
20 kPa. Confining pressure was applied hydraulically from the pressure tank (capacity
20 litre approx.) through the Belofram cylinder to the triaxial chamber and was kept at a
prescribed level by a pressure regulator. A similar but smaller capacity setup was used
for the back saturation pressure system, which was entirely independent of the cell
pressure system.

A pressure transducer (Shaevith) was installed in the cell steel wall (at the top) providing
accurate monitoring of the confining pressure inside the chamber. It had a measurement
range up to 4 MPa, and for precision of measurement it was connected to a digital
display (Amalgamated Instruments, accuracy of 0.5 kPa) on the control panel. For the
backpressure or pore water pressure measurement, a pressure transducer (Shaevith) with
a limit of 1 MPa was mounted on a ‘T’ block on the inlet tap fitted on the bottom plate
of the cell. The back saturation pressure was monitored on the control panel using a
digital display of the same make as that for the confining pressure, but with a higher
accuracy, enabling measurement of pressure variation as low as 0.2 kPa.

4.2.2.5 Pore Pressure Measurement
The original chamber design used a porous disc (25 mm x 12 mm) inserted in the
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middle of the specimen to measure the pore water pressure. It was connected to a
pressure transducer and a digital display on the control panel (as for the measurement of
back saturation pressure) via 1/8 in. (~3.18 mm) plastic tubes able to withstand high
pressure.

Due to the aggressive nature of aggregate particles (sharp edges) and a

concern that the disk and its connections would be damaged during specimen
preparation and testing, it was decided to attach the disk to the bottom of specimen for
better protection: the first series of tests was conducted using this setup. The drainage,
hence, the dissipation of pore water inside the specimen was facilitated from the top of
the specimen. Also the maximum pore water pressure occurs at the bottom of the
specimen. However, this arrangement did not provide full protection for the (quite
expensive) porous disk, so an alternative solution was sought and found. The water
under pressure seeped through the porous plate mounted at the bottom of the cell, to the
pressure transducer on the ‘T’ block and flowed along the same channels as those used
for the porous disk connection. Tests were conducted with and without the porous disk
on the same material specimens with the same confining pressure, and the pore water
pressure was monitored during the tests. After comparing the results it was found that
the pore water pressure variation could be accurately measured without the porous disk
(provided that the correct connections were made). Therefore, it was decided to remove
the porous disk altogether for all subsequent tests.

4.2.2.6 Axial Displacement and Volumetric Change Measurements
Bressani (1995) reviewed various procedures of strain measurement during triaxial tests
and concluded that if the correct procedures were followed, external measurements
could be as accurate as internal measurements. Following this recommendation, axial
deformation was measured externally using a Gefran PC (GF-PCM 150S) LVDT
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(Fig. 39). It was fitted to a rigid Perspex collar (20 mm thick) that was mounted on the
axial load piston at the top of the triaxial cell (Fig. 40) to measure relative movement
between the cell ram and the cell top. The maximum stroke of the LVDT was 150 mm
and the digital displacement meter (Gefran Sensori 250) had a display accuracy of

0.1

mm, equivalent to 0.017 % strain.

A Belofram cylinder, named as a ‘voluminometer’, was used to transmit the confining
pressure to the triaxial chamber through equilibrium between cell and Belofram cylinder
(Fig. 40). This system had been proved to be accurate in the measurement of volume
change during previous studies (modified after Indraratna et al., 1993). It consisted of a
very rigid steel structure (20 mm thick walls, internal diameter of 210 mm) and
separated into two by a 20 mm thick piston, machined to a close tolerance to fit inside
the cylinder. The Belofram membrane sealed the top part of the cylinder from the
bottom part. Water flow was possible through a three-way (‘T’) valve fitted on the top
of cylinder. This valve permitted connection to the triaxial chamber and bottom part of
‘voluminometer’ through a 3/8 in. (~9.53 mm) plastic tubes resistant to high pressure.
The bottom section of the cylinder was connected to the pressure transfer tank through
similar tubes. When the specimen was compressed/dilated the fluid in the cell flowed in
or out of the ‘voluminometer’ causing the internal piston to move up or down. By
measuring the movement of the piston ram (20 mm diameter) relative to the top of the
cylinder and using a calibration chart, the travel of the ram could be converted into water
volume that entered or left the ‘voluminometer’ as the test proceeded. This volume
quantified the volume change of the specimen itself. The piston permitted a maximum
travel of 100 mm, and this was monitored by a Gefran PC (GF-PCM 100S) LVDT
connected to a digital display having an accuracy of 0.1 mm, equivalent to 0.0083 %
132

Chapter 4:

Test equipment and calibration

volumetric strains. As confirmation, a conventional method of specimen volume change
measurement was used.

This consisted of a 100 mm diameter graduated burette

connected to the specimen top drainage lines. The capacity of the burette was 4000 ml
and reading could be made to an accuracy of 7.85 ml. Measurements taken using both
methods were compared for crosschecking.

4.2.3 Large-Scale Process Simulation True Triaxial Rig
4.2.3.1 Introduction
It was general practice to employ a cylindrical triaxial apparatus for testing railway
ballast under monotonic/repeated loading (Raymond and Davies, 1978; Alva-Hurtardo
and Selig, 1981; Roner, 1985). However, it was shown that triaxial tests (σ2=σ3) do not
always model the actual field conditions (Janardhanam and Desai, 1983; Jeffs and
Marich, 1987; Ravitharan and Martin, 1994; Sato, 1995). Ballast in a railway track
environment is subjected to a true triaxial state of (σ2 ≠ σ3), which is not modeled in the
conventional triaxial setting where the confining pressure is uniform around the
specimen circumference (σ2 = σ3). Also, in the railway track the ballast is loaded only
under the sleeper and the crib ballast is free to move vertically or to flow, whereas the
axial load in the conventional triaxial equipment is applied on entire specimen area,
causing a diminished response of the ballast to vibrations.

Several efforts have been made to eliminate these shortcomings by employing various
semi-confining devices with fixed boundaries (Birman, 1975; Norman and Selig, 1983;
Jeffs and Marich, 1987; Ravitharan and Martin, 1994). Although methods were found to
monitor the stress development during the tests, the confining pressure could not be
controlled when these devices were utilized. Another shortcoming of these devices was
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that, although they allowed surface movement of the ballast (e.g. crib ballast
movement), lateral flow of the ballast (transverse to and along the rail) was not
permitted. It was concluded that better modelling of field conditions would be provided
by a device that permitted the application and control of different confining pressures on
the two orthogonal horizontal directions and also allowed both surface movement and
lateral ballast displacement under vertical (traffic) load. Such equipment was designed
and constructed specially for the purpose of this research.

A general view of the process simulation true triaxial rig (PSTTR) used in this study is
presented in Figure 42.

The apparatus was built to accommodate prismatic test

specimens (600×800×600 mm) and to subject them to three mutually orthogonal
independent stresses.

It also permitted lateral spreading of ballast due to the

unrestrained sides of the box.

The PSTTR comprised four main parts, viz., the

prismoidal triaxial cell, the axial loading unit, the confining pressure control system, and
the horizontal and vertical displacement monitoring devices. A schematic diagram of
the test rig apparatus is presented in Figure 43.

The construction drawings are

presented in Appendix B.

4.2.3.2 Prismoidal Triaxial Cell
A strong and rigid steel frame was fitted to a 20 mm steel base plate, as shown in Figs.
43 and 44. The high yield prismoidal steel box (without bottom and top) was placed
inside the frame and supported on the displacement system. There was about a 1 mm
gap between the vertical walls and the base plate, which permitted free movement of the
vertical walls when subjected to a horizontal force.

The cell could accommodate

specimens with dimensions of 600×800×600 mm. However, these dimensions could be
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Figure 42. General view of the process simulation true triaxial rig

Dynamic actuator
Embedded settlement devices

Rail segment
Timber sleeper segment
Load distributing plate

South
Side

North
Side

150

Ballast

300

150

Displaceable walls

Capping

Pressure/Load cells
Rubber mat

Linear bearing system

600

East/West wall

Figure 43. Section through the process simulation true triaxial rig ready for testing
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(a)

(b)
Figure 44. Schematic diagram of the process simulation true triaxial rig: (a) plan
view; (b) section Y-Y
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decreased or increased depending upon test requirements. For the vertical wall plate, a
10 mm thickness was selected as this provided a relatively light but adequately stiff
boundary. Stiffness was checked using the elastic theory of thin plates, which predicted
a deflection of less than 0.01 mm (equivalent to a 0.003 % strain on the specimen) at the
maximum expected confining pressure. Nevertheless, in order to eliminate any nonuniform distribution of the confining pressure, the middle section of each wall was
stiffened by fitting a 300×300×10 mm thick plate centred at the point of load
application. This ensured a uniform distribution of confining pressure over the entire
thickness of load bearing ballast (300 mm below sleeper).

For ease of reference and monitoring, the box walls were named from the orientation of
the device within the laboratory (Figs. 43 and 44). Accordingly, the walls parallel to the
sleeper direction were named North Wall (NW) and South Wall (SW), respectively, and
the walls perpendicular to the sleeper direction were named East Wall (EW) and West
Wall (WW), respectively.

The most critical part of the test box design was the provision of walls that could
displace independently. The connections between the walls permitted this to occur. For
the displacement system it was decided to use linear-bearings mounted on a steel rod,
mechanisms that permitted frictionless wall displacement inwards and outwards.
Linear-bearings were placed near the corners of each wall, four on each wall, hence
sixteen in all. In order to permit the movement of the E and W walls, and to keep the
specimen properly confined inside the walls, it was necessary to design the N and S
walls to extend up to 100 mm on each side (Fig. 44). Various options were considered
to solve this problem, with the simplest and the most effective being selected. Two free
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rotating strips (50 mm width, with trimmed edges) were inserted and connected to the N
and S wall plates towards their boundaries.

At the test box corners, eight movable connections were provided, two at each corner,
100 mm from the top and bottom of the box. These consisted of a 50 mm diameter
wheel rolling along a rail fitted on the E and W walls at specified heights (Figs. 43 and
44).

This simple system ensured displacement of the N and S walls edges

simultaneously with the displacement of E and W walls. In addition, these connections
provided lateral support to minimize tilting of the walls.

The allowable lateral

displacement in N-S direction (X-X or σ2 direction) of a wall was ± 50 mm, equivalent
to a ±16.7 % deformation, whereas in E-W direction (Y-Y or σ3 direction) each wall
could displace ± 50 mm, representing a ±12.5 % deformation (Fig. 44). The direction of
the two principal stresses only requires re-definition to alter the direction.

4.2.3.3 Axial Loading Unit
The axial load was provided by a dynamic actuator (Dartec) with a maximum capacity
of 10 t. The frequency of the applied load depended on its amplitude, allowing up to a
50 Hz frequency for a very small amplitude. The steel ram (100 mm diameter) of the
dynamic actuator transmitted the major principal stress, σ1, to the ballast specimen
through a segment of timber sleeper (Figs. 42 and 43). The principal features of the
vertical loading unit are presented in the following sections.

a. Hydraulic Power Unit
The dynamic actuator was driven by a hydraulic power unit. This had a control console
close to the testing device and a remote oil pump. The hydraulic power unit supplied
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267 l/m of Turbine Oil (No. 140) at a steady pressure of 2.75 MPa in 50 mm diameter
lines and had a storage capacity of 100 litres. The pump was of a constant pressure
variable volume type, incorporating a swash plate. The electric motor that drove the
main hydraulic oil pump had automatically controlled star-delta starting. Its control
circuit allowed for both local operation and remote operation from the console.

The hydraulic power unit was water-cooled. The level of the cooling water was electromagnetically sensed. To avoid overheating and damage the hydraulic power unit would
automatically shut down in the event of cooling water depletion. The temperature
control system incorporated a thermostat and solenoid control switches. The normal
setting of the thermostat was 40°C, although the system could be operated at
temperatures up to 60°C.

b. Hydraulic Power Circuit
The hydraulic pump delivered oil, via a filter and a non-return check valve, to a delivery
manifold. An accumulator, fitted with a solenoid operated relief valve, was connected to
the delivery manifold. When necessary, the relief valve returned oil directly to the oil
storage tank (through a diffuser) in order to control system pressure. There was also a
pressure gauge with an isolating valve that drained to the tank. The oil return line was
connected to a separate return manifold at the hydraulic power unit, and the oil flowed
from the return manifold directly to the tank.

The oil cooler was a water-cooled heat exchanger. A centrifugal pump took oil from the
oil storage tank and passed it through the oil cooler, and returned it to the tank. A
thermostatically controlled valve regulated the flow of cooling water to the heat
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exchanger that was provided by a cooling water pump.

c. Dynamic Actuator Control System
A servomechanism incorporating a hydraulic control valve controlled the supply of oil
from the hydraulic power unit to the hydraulic ram of the dynamic actuator. The ram
capacity of 10t provided simulation of axle loads up to 40t, allowing for the distribution
of wheel load on the adjacent sleepers (Jeffs and Tew, 1991). The servomechanism was
operated from the console at the testing device and was capable of controlling either
applied load (and therefore stress) or ram stroke (and therefore strain), as desired. It also
allowed the selection of differing load cycle wave forms, viz. sinusoidal, triangular or
square. Load amplitude was dependent upon the selected load cycle frequency. The
travel of the hydraulic ram determined also the amplitude of the applied load. The
lowest load cycle frequency was 0.01 Hz. At this frequency, the maximum ram travel
was 25 mm with a corresponding maximum load of 10t. At a frequency of 25 Hz,
however, the ram travel was only 1.7 mm with a corresponding maximum load of 5t. It
was possible to set the hydraulic power unit control to terminate loading after a specified
number of load cycles. The servomechanism could be connected to a data-logger to
provide specific dynamic actuator load cycle input.

d. Instrumentation
Embedded pressure cells measured the variation of the applied vertical pressure with
depth. After considering the sharpness of the ballast aggregates that could damage the
pressure cells, and also to ensure intimate contact between the coarser grains and the
small pressure cells (active area 40 mm diameter), it was decided to place the pressure
cells between two rigid steel plates (150x150x6 mm). The area around the pressure cells
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was filled with a layer of neoprene foam (3 mm thickness) that provided insignificant
resistance to relative movement between the two steel plates. At the beginning of the
test program two soil pressure cells (Kulite, 0234) with a maximum capacity of 1200
kPa were used.

During the test program these pressure cells were replaced by

alternative load cells (Huston and ALD, maximum capacity 133 kN, equivalent to a
6000 kPa pressure over the plate area, with a cell height 15 mm), which were also placed
between steel plates. Electrical cables from the load cells were protected by a reinforced
PVC cover to resist penetration by the ballast aggregates. The output of the pressure or
load cells was monitored by a strain meter box (HBM Digitaler Dehnungsmesser DMD,
20A), which permitted readings on four channels.

4.2.3.4. Confining Pressure Control System
a. Ballast Confinement System
The ballast was confined in the testing device by its four walls. Identical single acting
hydraulic jacks supported each of the walls. All four hydraulic jacks were of the
Enerpac type RC-106. These had a maximum load capacity of 101.7 kN and a stroke of
155 mm, and were selected because of their high force capability and compact size.
Their overall length of 247 mm left a clearance of 150 mm to the ballast confinement
walls. The capability of the hydraulic jacks allowed the maintenance of a maximum
ballast confining pressure of 200 kPa, well above the pressure range used in the present
test program.

By interconnecting the hydraulic supplies of opposing jacks, it was ensured that their
output forces were equal and that the jacks operated in opposing pairs. The North and
South jacks were interconnected and supplied by a hand pump (Enerpac type P-39)
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having a rated maximum pressure of 700 bar (1 MPa) and a volumetric displacement of
2.61 × 10-3 litres per stroke. The hand pump was provided with a pressure gauge that
enabled the system pressure to be monitored with an accuracy of ± 20 kPa. An electrohydraulic pump (ASEA), that had a maximum pressure capacity of 35 MPa and that was
fitted with a two-way directional control valve, supplied the interconnected East and
West jacks. The jack interconnection arrangements allowed for independent ballast
confinement and loading in the two directions North/South and East/West. These loads
gave rise to the intermediate principal stress, σ2, and the minimum principal stress, σ3,
respectively.

b. Instrumentation
The ballast confinement walls were designed to travel up to 100 mm in the EW or NS
direction. The jack clearance of 150 mm to the ballast confinement walls allowed

50

- 80 mm to accommodate a load cell to measure the jacking load, and therefore, the
confining pressure.

The range of confining pressure (10 – 30 kPa) to be applied on the two orthogonal
horizontal directions determined the capacity of the load cells. For the NS direction, two
identical load cells (Interface) were used. Their maximum capacity of 44 kN permitted
an equivalent of 90 kPa confining pressure on the specimen. For the EW direction two
different load cells were used. These load cells (Transducers Inc and Deltacel, types)
had a maximum capacity of 3.5 kN, resulting in a 10 kPa confining pressure on the
specimen. Hemispherical seatings were provided between the load cells and the box
walls. This eliminated the possibility of load cell damage from wall rotation during
testing. All four load cells were connected to a second strain meter box (HBM Digitaler
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Dehnungsmesser DMD, 20A) where the output of each load cell was displayed on a
separate channel.

4.2.3.5 Horizontal and Vertical Displacement Monitoring Devices
It was imperative to precisely monitor the horizontal and vertical deformation of the
ballast layer during each test. To do this, a system of eight digimatic calipers and eight
dial gauges was used. One measuring device was placed close to each corner of each
side of the test apparatus, as shown in Figure 45. The eight Mitutoyo digimatic calipers
were fixed on rigid consoles at the corner of the East and West walls and could measure
displacements as much as 150 mm. Their accuracy of 0.01 mm corresponded to a
0.0025 % strain in East-West direction. They could be set to zero at any time during the
test. The displacement of the North and South walls was similarly monitored by a
system of eight Mitutoyo dial gauges with a travel of 50 mm and an accuracy of 0.01
mm. This was equivalent to a 0.003% strain in the North-South direction. The lower
dial gauge stands were fixed directly to the bottom plate. For the upper positions,
however, stands were fixed on rigid beams fitted close to the position of the dial gauges.
This was carried out because, test vibrations might have dislodged any instrumentation
mounted directly to the box walls.

In order to monitor the surface and internal deformation of the ballast layers, it was
decided to select a spatial mesh. Measurement of the displacement of the nodes of this
mesh was possible by embedding settlement devices at selected points and levels. For
ease of monitoring and interpretation of collected data, it was evident that the position of
the points on the grid should have common coordinates in plan. It was also clear that the
grid dimensions should be selected to provide sufficient distance between the
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(a)

(b)
Figure 45. Detail of the measurement devices for lateral displacement:

(a)

digimatic calipers on the East and West walls (elevation); (b) dial gauges on the
North and South walls (plan)
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displacement devices, the rigid box boundaries and the timber sleeper segment in order
to permit freedom for rotation of the settlement devices. However, three points at the
centre of the specimen (along the E-W axis) fell under the sleeper position (Fig. 46). It
was therefore necessary to drill 25 mm diameter holes through the timber sleeper to
permit the positioning of two settlement devices (e.g. points 18 and 32 on the capping
layer surface, and 67 and 81 on the surface of the load-bearing ballast).

The internal displacement of selected points was monitored by reference to the
embedded settlement points. Each of these had a stiff base (a 50×50×3 mm steel plate)
with a 6 mm steel rod welded to its centre (Fig. 47). The length of the devices placed on
top of capping layer of each steel rod was 500 mm. Shorter settlement devices

(200

mm) were used to monitor the displacements of the load bearing ballast layer. It was
necessary to trim the bases of the shorter settlement rods to fit them close to the longer
devices (Fig. 47). Insertion of settlement devices at the grid points near the boundaries
proved difficult. Consequently, it was decided that the level of these points on both the
capping and load-bearing ballast surface would be measured only at the beginning and at
the end of each test.

The same grid was used to monitor the deformation of the crib ballast surface.
However, for the crib ballast, it was possible to monitor the deformation of the grid
points at the box boundaries. A set of five dial gauges (Mitutoyo, reading accuracy 0.01
mm), each having a maximum travel of 50 mm, was used to monitor the vertical
displacement. These were fitted on a stiff beam supported on the top frame and profiled
to position the dial gauges as close as practicable to the reading points, as schematically
presented in Figure 48.
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Nomination of the displacement spokes on
the top of load bearing ballast

North wall
600
98 91
97 90

84
83

77
76

70
69

63 56
62 55

96 89

82

75

68

61 54

400
300

95 88

81

74

67

60 53

200
94 87

80

73

66

East wall

West wall

500

59 52

100
93 86
92 85

800

79
78

700

600

72
71

500

400

65
64

300

200

58 51
57 50

100

0

0

South wall
Figure 46. Selected grid for monitoring the internal deformation of the ballast
layer (grid under sleeper, top of load bearing ballast)

Figure 47. Settlement points at the top of load bearing ballast
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Figure 48. Arrangement for the measurement of vertical deformations

This arrangement of dial gauges proved to be error-prone in the first test, and for
subsequent tests, the surface displacement of the selected grid was measured relative to a
reference level selected at the beginning of each test. As the grid was identical for all
levels considered, this procedure was adopted to monitor the displacement of the
settlement points.

4.3

CALIBRATION

OF

INSTRUMENTATION

AND

DATA

CORRECTION
4.3.1 Introduction
A correct interpretation of the behaviour of ballast under various test conditions relies on
the quality of the experimental work. Both the range and accuracy of the measurements
were considered when the required instrumentation settings were selected for the
different tests.

Periodic calibration of the instrumentation was required to ensure
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accurate calibration factors for the monitoring devices. It was also important to obtain
the right correction relationships to be applied to the acquired data in order to eliminate
errors due to non-linearity or hysteresis or to correct the results of the triaxial tests for
the strength of the membrane and the effect of membrane penetration. The accuracy of
the instrumentation was found by dividing the maximum deviation from the best-fit line
(due to hysteresis or scatter in the results) by the full range of the measuring device.

4.3.2 Large-Scale Consolidometer
4.3.2.1 Calibration of the Axial Stress
This calibration was required to make sure that the pressure measured by the pressure
transducer (Shaevith) and displayed on the digital display was corrected for the pressure
loss due to any friction between the loading unit and either the consolidometer walls or
the top plate collar. For this purpose, the consolidometer was filled with water and a
pressure cell (LQ-080U, capacity of 1400 kPa) was placed on the base plate. The
pressure cell was then connected to a HMB strain meter calibrated to read the stress in
kPa. This enabled the reading of water pressure at the lowest level in the consolidation
cell. The pressure was applied to the water in increments, and the readings were
recorded at the following time after the load application: 0, 60, 240, 960, 1440 minutes.
From the results the calibration curve presented in Figure 49 was obtained, and used to
correct the applied axial pressure for all tests performed in the consolidation cell.

4.3.2.2 Calibration of Horizontal and Vertical Strain Gauges
The pressure exerted by the ballast specimen on the consolidation cell wall developed
both hoop and longitudinal stresses within the thin steel wall. The strains corresponding
to these stresses were measured using a system of horizontal and vertical strain gauges
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Measured axial stress, σa-meas (kPa)

1200

σa-meas = 3.72 + 0.9961 σ
a-appl (kPa)

800

400

0
0

400

800

1200

Applied axial stress, σa-appl (kPa)
Figure 49. Calibration curve for the applied axial stress

attached to the wall surface. The strain gauges were connected to two strain meters that
enabled monitoring of the variation of each strain on a different channel. The calibration
of each individual strain gauge was performed during the calibration of the applied axial
stress. Strains were therefore related to the pressure of water in the consolidation cell.
For each horizontal strain gauge a calibration curve was obtained, as shown in Figure
50, and used to determine the lateral pressure exerted by the ballast specimen on the
consolidation cell wall.

A similar procedure was used for the calibration of each vertical strain gauge. The
strains readings were recorded against the water pressure on the cell wall, which also
developed longitudinal stresses in the thin cell wall in addition to the hoop stresses. The
associated longitudinal strains were sensed by the strain gauges and displayed on the
meter box. From these measurements, calibration curves were obtained for each vertical
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200

Variation of lateral strains,
(microstrains)

HTL-2
HTR-6
HBL-4
HBR-8

100

0
0

400

800

1200

Water pressure, (kPa)

Figure 50. Calibration of horizontal strain gauges (left and right, top and bottom)

strain gauge (Fig. 51). During the compression tests on ballast, the strains measured on
the cell wall were the result of both lateral pressure of the ballast on the wall and skin
friction between ballast and steel wall. Therefore, in computing the loss in the applied
axial stress due to friction on the wall, the difference between the calibration strain value
and the measured strain value was used.

4.3.3 Large-Scale Triaxial Apparatus
4.3.3.1 Calibration of the Applied Axial Stress
By using a revolving bearing system, the loss of applied axial stress due to friction
between the ram and chamber collar was minimized. This bearing system allowed the
piston to fall gradually under its own weight. However, it was imperative to ensure that
the axial stress applied on the top of specimen was the stress measured by the pressure
transducer fitted to the cylinder of the axial loading unit. This process began with the
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Measured longitudinal strains,
(microstrain)

60

VTL-2
VTR-6
VBL-4
VBR-8
40

20

0
0

400

800

1200

Water pressure, (kPa)

Figure 51. Calibration of vertical strain gauges (left and right, top and bottom)

calibration of the digital display to read the pressure measured by the transducer
(Shaevith) in kPa. To facilitate this, the pressure transducer was fitted to a Budenberg
air dead weight tester and connected to the control board. The weight was applied and
then removed in 10 kPa increments and checked against the digital display.

This

procedure was repeated three times to ensure consistency of the results. The accuracy of
the transducer was found to be 0.035 %, corresponding to a small deviation of 1.4 kPa
over the transducer full range of 4 MPa.

For the calibration of the applied axial stress, a stiff steel column 300 mm in diameter
and 500 mm in height was placed inside the triaxial chamber on the bottom platen. An
Interface load cell with maximum capacity of 445 kN (equivalent to 6.3 MPa over the
steel column area) was then positioned on the top of the column. After connecting the
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load cell to a HMB strain meter calibrated to read the load in kN, the pressure transducer
was connected to the digital display on the triaxial apparatus console/control board. No
connections were made for the confining pressure for this calibration step. The axial
stress was applied in increments at 15 minute intervals. The applied axial stress was
plotted against the force measured by the load cell, converted to stress over the area of
the column top, and is shown in Fig. 52. This relationship was applied for the correction
of axial pressure monitored during triaxial tests.

4.3.3.2 Calibration of Pressure Transducers
The Shaevith pressure transducers used to monitor both the confining pressure and pore
water pressure were calibrated using a similar method and the same Budenberg air dead
weight tester as for the hydraulic pressure transducer.

However, the increment of

applied pressure for both transducers was reduced to 2 kPa. Their accuracy was found
to be 0.015 % for the transducer measuring the confining pressure, whilst the accuracy
of the back pressure/pore water pressure transducer was 0.02 %. Initially, the calibration
of pressure transducers was performed monthly. During later stage of testing program,
the calibration was performed every three months, as the drift was not significant.

4.3.3.3 Calibration of Volume Change
It was necessary to establish a correlation between the volume of water that flowed in
and out of the triaxial cell and the upward or downward movement of piston inside the
voluminometer cylinder. For this purpose, the voluminometer was disconnected from
the cell and fitted to a vacuum device. While the top part of the cylinder was subjected
to a vacuum, the bottom part was filled with de-aerated water supplied from the
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Measured axial stress, (kPa)
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σmeas = 1.00508 σ
appl -3.76503 (kPa)
1200

800

400

0
0

400

800

1200

Applied axial stress, (kPa)

Figure 52. Calibration of the axial loading unit

confining pressure tank. The connections were then exchanged so the bottom part of the
voluminometer was connected to the vacuum device and the top part to the confining
pressure tank. By repeating this procedure several times, air bubbles were eliminated
from the inside the voluminometer cylinder and along the connecting plastic tube.
When the filling process was completed, water under pressure was supplied to either the
top part or the bottom part of the cylinder causing the piston to move downward or
upward. This movement was monitored using the Gefran LVDT fitted to the piston.
The water that flowed out of the voluminometer was collected in a graduated burette
placed on a balance with a special lid to prevent the evaporation of water. From the
collected data, relationships were established (Fig. 53) between the vertical
displacement of the piston and the volume of water entering and exiting the triaxial
chamber.
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Voldm= 34.6361(LVDT) - 2.4146 x 10 -7
(ml)

Volume of water, (ml)

3000

Piston moving upward
Piston moving downward

2000

1000

Volum= 34.3219(LVDT) - 2.6645 x 10 -14
(ml)
0
0

20

40

60

80

100

LVDT display, (mm)
Figure 53. Calibration of the voluminometer measurement

Three preliminary tests were performed at various confining pressures viz., 8, 60 and
240 kPa. The volume change measured from the voluminometer was checked against
the measurements done by the burette connected to the specimen vacuum/drainage lines.
Figure 54 presents the results measured by both methods and the developed relationship
was used to correct the volume change measurements during the test program.
However, the error associated with the voluminometer measurements corresponded to
only a 0.0003 volumetric strain.

4.3.3.4 Membrane correction
a. Correction for Membrane Strength
An extensive literature review was presented by Salman (1994) on the effect of
membrane strength and the various methods used to correct test results for the
membrane effect. It was concluded that if the compressive pressure was sufficient to
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Burette measurements, (ml)
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σ3= 15 kPa
σ3= 60 kPa
σ3= 240 kPa
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Volbur= 0.98623 ( Volvlm) - 4.21994
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-3000
-3000

-2000

-1000

0

1000

2000

Voluminometer measurements, (ml)
Figure 54. Correction of volume change measurements

hold the membrane firmly against the specimen (i.e. no buckling of membrane
occurred), then the membrane was capable of resisting compression, and hence the
compression shell theory proposed by Henkel and Gilbert (1962) could be applied.
Assuming that the specimen deformed as a right cylinder, then the axial stress supported
by the membrane could be computed by the slightly modified equation given by
Fukushima and Tatsuoka (1984):

σ am = −

8 E m t (2 ε am + ε θm )
3
d

(4.1)

where, σam is the axial stress taken by the membrane, Em is the Young’s modulus of the
rubber membrane, t is the average thickness of the membrane, εam and εθm are the mean
axial and circumferential strains in the membrane which were assumed equal to the
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averaged axial and radial strains on the specimen, and d is the initial diameter of the
specimen.

The radial stress developed in the membrane is given by the expression (Fukushima and
Tatsuoka, 1984):

σ rm = −

8 E m t (ε am + 2 ε θm )
3
d

(4.2)

In the derivation of Eqs. (4.1) and (4.2), it was assumed that the Poisson’s ratio for the
rubber was 0.5. Eqs. (4.1) and (4.2), or similar ones with slight modifications, had been
used by several researchers (Duncan and Seed, 1967; Ponce and Bell, 1971; Molenkamp
and Luger, 1981).

Fukushima and Tatsuoka (1984) also showed that at very low confining pressures, the
hoop tension theory proposed by Henkel and Gilbert (1952) should be used. It was
assumed that the low level of confining pressure did not resist the buckling effect of the
neoprene membrane when subjected to axial compression, as schematically presented in
Figure 55, a phenomenon which occurred over the whole area of the membrane.
Consequently, the resistance of the rubber membrane against axial deformation could be
neglected. The equations presented by Fukushima and Tatsuoka (1984) are a modified
version of those initially proposed by Henkel and Gilbert (1952), as given by:

σ am = 0 , and
(4.3)
σ rm = −

2 E m t ε θm
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Figure 55. Schematic diagram of buckling of membrane
(after Fukushima and Tatsuoka, 1984)

DeGroff et al. (1988) presented an alternative expression for estimating the radial stress
developed in the rubber membrane which reduces the confining pressure:

3 E m (ε a )
4
d

0.5

σ rm = −

(4.4)

where εa is the axial strain and the other parameters are those defined previously.

More recently Kuerbis and Vaid (1990) showed that, by considering the variation in the
membrane thickness due to extension, Young’s modulus for rubber could be kept
constant in the expression of axial and radial stresses developed within the neoprene
membrane. The modulus of the rubber could be measured using the same method
proposed by Henkel and Gilbert (1952), but the calculations should take into account the
change in the cross-sectional area of the rubber membrane. This method also considered
that the axial and radial stains were interdependent, where a change of one induced a
variation of the other due to the Poisson’s ratio of the material. The
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expressions of the axial and radial stress in the rubber membrane are given by:

σ am = −

4 E m t o (2 + ε v + ε a ) (ε v
3
do (2 − ε v + ε a )

+ 3 εa )

(4.5)

σ rm = −

4 E m t o (2 + ε v + ε a ) ε v
3
do (2 − ε v + ε a )

where to is the initial thickness of the membrane, εa and εv are the axial and volumetric
strains in the specimen, do is the initial diameter of the rubber membrane and the other
parameters are the same as in Eq. (4.3).

The compression modulus Em was measured using the method recommended by Bishop
and Henkel (1962). Hoop specimens of 25 mm width were taken from the supplied
membranes whose thickness varied between 4.5 and 6 mm. For the computation of the
membrane correction by Kuerbis and Vaid (1990) method a constant compression
modulus of 126.58 kN/m was used, which was estimated for a membrane having an
initial average thickness of 6 mm. Preliminary tests were then performed at lower and
higher levels of confining pressure to determine which method should apply in this
study. It was observed that at a very low level of confining pressure (σ′3 = 1 kPa) the
difference between the two methods was 3.5 % approximately, with the Henkel and
Gilbert (1952) method resulting in higher correction. However, the difference increased
to 7.5 % for tests carried out at a higher confining pressure (σ′3 = 240 kPa), with the
Kuerbis and Vaid (1990) method giving a higher correction. The corrected deviator
stresses using the two methods are presented in Figure 56 for tests run at both the lower
and higher confining pressures.
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Corrected deviator stress
by Kurbis & Vaid method (kPa)

1500

σd-K&V = 0.9348 (σd-H&G) + 11.211 (kPa)
σ3 = 240 kPa

1000

σ3= 1 kPa
σ3= 240 kPa
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σd-K&V = 1.0352 (σd-H&G) + 0.3559 (kPa)
σ3 = 1 kPa
0
0

500

1000

1500

Corrected deviator stress
by Henkel & Gilbert method, (kPa)
Figure 56. Comparison of correction given by Henkel and Gilbert (1952) and
Kurbis and Vaid (1990) methods at lower and higher ranges of confining pressure

b. Correction for Membrane Penetration
It has been observed by others (Newland and Allely, 1957; Frydman et al., 1973; Raju
and Sadasivan, 1974) that during drained triaxial tests, the measured volume change
associated with the increase in confining pressure tended to be larger than the correct
value. This was explained by the larger membrane penetration with increasing confining
pressure, and the effect that superimposed on the deformation of the soil specimen.
Frydman et al. (1973) presented a relationship between the volume variation due to
membrane penetration corresponding to a given confining pressure and the specimen
median size. However, the proposed method was based on several results on sand and,
when applied to coarser materials such as rockfill and railway ballast, unrealistic
predictions were obtained. The estimated value of volume change was even greater than
the measured volume change during isotropic consolidation at low confining pressure (1
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kPa) and about 15 % higher than the measured volume change at the highest confining
pressure (240 kPa) used in this test program. It is unlikely that this would happen even
for coarse grained railway ballast, especially when enclosed in a

6 mm thick

membrane and a 3 mm foam protector. It was reported by Raju and Sadasivan (1974)
that apart from mean particle size the gradation and the density of sand specimens had a
considerable effect on the extent of volume change due to the membrane penetration.

As yet, no satisfactory method of correcting for membrane penetration has been
developed. The effect of membrane penetration is more sensitive during the undrained
tests, and therefore, its effect could be considered negligible during the drained triaxial
tests as reported by Charles and Watts (1980) and Lee (1986). It was also suggested that
the errors introduced by membrane penetration, even at a higher range of confining
pressure, would be minimal during the consolidation stage. Therefore, it is anticipated
that this would not represent a problem during the shearing stage at constant confining
pressure, if the specimen was well-graded and dense.

For the present test program on relatively dense specimens of railway ballast with
uniform gradation, the method proposed by Raju and Sadasivan (1973) was used. The
volume change due to membrane penetration as measured during isotropic consolidation
for the highest confining pressure (240 kPa on the coarsest gradation) was as low as 287
ml, which is equivalent to less than 1.2 % volumetric strain. Therefore, only the volume
change measurements for consolidation at 90, 120 and 240 kPa were corrected for the
effect of the membrane penetration.

4.3.4 Large-Scale Prismoidal Triaxial Cell
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4.3.4.1 Calibration of and Correction to the Applied Axial Load and Under-Sleeper
Measured Pressures
Prior to testing, it was essential to calibrate the instrumentation employed in the cyclic
test to ensure accurate measurement and proper correction of the collected data. The
first step in the calibration was to make sure that the applied load on the timber sleeper
segment was correctly displayed on the dynamic actuator console. The empty triaxial
cell was positioned under the dynamic actuator and a steel column (300 mm diameter
and 500 mm in height) was centred under the piston. A load cell (Interface, capacity
445 kN) was then positioned on top of the column and connected to a HMB strain meter
calibrated to read the load in kN. After lowering the dynamic actuator ram to be in
contact with the load cell, the load was applied up to the maximum capacity (98 kN) in
increments of 10 kN at 5 minute intervals.
performed several times.

This loading-unloading process was

Both the load displayed on the Dartec console and that

monitored with the HMB strain meter were recorded, and a calibration chart (Fig. 57)
was constructed and used to correct the applied axial load. The accuracy of the Dartec
digital display was found to be 1.69 %.

The pressure cells and load cells that were used to monitor the pressure at the
sleeper/ballast and ballast layer/capping interfaces were tested to establish their
calibration factor. The pressure/load cells were connected to a HMB strain meter box
and positioned under the ram of a loading unit (Instron, maximum capacity 50 t). The
ram of the Instron was applied in increments of 25 kPa for the pressure cells, whilst for
the load cells the load increments were 5 kN. The load was increased to the maximum
capacity of the pressure/load cell and then reduced to zero. This procedure was repeated
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Figure 57. Correction to the axial force applied on the segment of timber sleeper

several times in order to find the calibration factor that gave the highest degree of
correlation between the applied and measured pressure or load.

The estimated

calibration factors and the relationship between the applied load and measured pressure
or load are shown in Figures 58 and 59. These relationships were used to correct the
collected data throughout the test program. The calibration was repeated on a quarterly
basis, as the observed drift was minimal. The accuracy of the pressure cells was found
to be 0.646 % for the Kulite-A and 0.276 %for Kulite-B, whilst the accuracy of the
HustonSci load cell was 0.845 % and that of the ADL load cell was 1.45 %. Although
the load cells were less accurate than the pressure cells, this did not affect the acquired
data as the deviation from the best-fit line was divided by the area of protective steel
plate under which the load cells were fitted.
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Figure 58. Calibration and correction relationships for the pressure cells for
under-sleeper load monitoring

Force displayed on HMB (kN)

200

FADL = - 5.14 x10-5(FInst)3+ 0.0131 (FInst)2+
(kN) + 0.5334 (FInst) + 0.2057
k factor = 3.81

150

HustonSci load cell
ADL load cell
100

50

FHuston = 0.9996 (FInst) + 0.035
(kN)
k factor = 3.61
0
0

50

100

Force on Instron console (kN)
Figure 59. Calibration and correction relationships of the load cells for
load monitoring at ballast/sub-ballast interface
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4.3.4.2 Calibration of and Correction to the Applied Confining Load
Each of the four load cells that controlled the applied load on the displaceable walls of
the test device was tested to determine their calibration factors. These calibration factors
were used to facilitate monitoring of the applied confining load on individual channels
of a HMB strain meter box. In order to eliminate other source of error, the channel to
which each cell was connected during calibration was recorded to ensure that the same
channel was used during actual tests. For the calibration process, the load cells were
connected to the strain meter box and positioned under the ram of an Instron loading unit
(maximum capacity 50 t). The load was applied at 15 minute intervals in increments of
0.05 kN for the S type load cells, whilst for the higher capacity load cells (Interface) the
load was applied in 1 kN increments. The calibration charts so determined (Figures 60
and 61), were used to correct the collected data. The accuracy of these load cells was

found to be 0.05 % for the Transducers load cell, 0.08 % for the Deltacel load cell, 0.08
% for the Interface-A load cell and 0.081 % for the Interface-B load cell.

Because linear bearings were selected to ensure friction-free lateral displacement of the
prismoidal test device walls, it was necessary to determine the reduction in the applied
load on the vertical walls due to friction between the bearings and the steel rods. It was
assumed that the bearings on each wall worked concurrently, and the calibration
procedure was performed under this assumption.

The calibration was performed

separately for each direction (E-W and N-S) and was carried out on each individual wall.
While one wall was calibrated, the displacement of the opposite wall was prevented.
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Force displayed on HMB (N)

4500

FTrans = 0.9996 (FInst) - 0.7574 (N)
k factor = 3.73

Transducers load cell
Deltacel load cell

3000

1500

FDelta = 1.0028 (FInst) - 2.8321 (N)
k factor = 1.62
0
0

1500

3000

4500

Force on Instron console (N)

Figure 60. Calibration and correction of the load cells controlling the confining
force on the E and W walls

Force displayed on HMB (kN)

45

FInter-B = 1.0119 (FInst) + 0.0187 (kN)
k factor = 3.73

Interface A load cell
Interface B load cell

30

15

FInter-A = 1.0002 (FInst) + 0.0132 (kN)
k factor = 3.73
0
0

15

30

45

Force on Instron console (kN)

Figure 61. Calibration and correction of the load cells controlling the confining
force on the N and S walls
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Two steel springs, coil diameter 6 mm, external diameter of helix 165 mm, height 300
mm and helix path 20 mm with a reported stiffness of 980 kN/m, were used. After
fitting the springs to the inside of the box and positioning them symmetrically about the
axis of the hydraulic jacks, the calibration of the inwards movement was performed.
Rigid packing was placed between the springs and the fixed wall (Fig. 62).

The load on the displaceable wall was provided by the hydraulic jack, measured by the
load cell and displayed on a HMB strain meter box previously calibrated to read kN. A
second load cell was fitted inside the box between the steel springs and the displaceable
wall to monitor the load transmitted to the springs. By comparing the two readings a
relationship was found (Figure 63), which quantified the reduction in the applied load
due to friction between the linear bearings and the steel rod. This was used to correct
the applied load on the vertical walls for the entire testing program. A similar procedure
was employed to determine the loss in the applied load on the remaining walls. It was
found that the loss in the applied confining force varied from 0.46 % on the West wall to
0.78 % on the East wall, as shown in Figure 63.

The second step in the calibration procedure was to fit the springs between the confining
walls and the backing beams for the hydraulic jacks, as shown in Figure 64. The
hydraulic jack was placed inside the box and the wall displaced outwards against springs
of known stiffness. Both the force applied by the jack and the force transmitted to the
springs were measured and compared. It was observed that the magnitude of frictional
loss in the two horizontal directions was the same.
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Figure 62. Calibration of the confining pressure

Transmited confining force (kN)

100

Transducers load cell (E wall)
Deltacel load cell (W wall)
Interface-A load cell (N wall)
Interface-B load cell (S wall)

50

Loss due to friction:
E wall - 0.78 %
W wall - 0.46 %
N wall - 0.52 %
S wall - 0.62 %
0
0

50

100

Applied confining force (kN)

Figure 63. Calibration and correction of the applied confining force
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Figure 64. Calibration setup for the outwards displacements

4.3.4.3 Correction to the Measured Displacement
During the calibration process of the force applied on the confining walls, the
displacement of the walls and the deformation of the springs were monitored. The
results were compared, and no additional reduction in the walls’ displacement was
found. It remained to estimate the reduction in the wall displacement due to friction
between the linear bearings and the steel rod. The reduction in the wall displacement
due to friction was estimated from the spring deformation corresponding to the
magnitude of the loss in the applied force due to friction. The loss in the displacement
corresponding to each wall is presented in Table 6, and was applied to correct the
measured wall displacements during the test program.
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Table 6. Estimated loss in the wall displacement due to friction on the
displacement devices

Displacement

loss

East Wall

West Wall

North Wall

South Wall

3.976 × 10-3

2.344 × 10-3

2.65 × 10-3

3.16 × 10-3

10

6

8

11

(mm)
Displacement

loss

(microstrain)

4.4 CONCLUDING REMARKS AND RELEVANCE TO CURRENT
RESEARCH
The railway ballast used in the present study has a Dmax of 73 mm. Therefore, the effect
of sample size ratio was minimized by employing large scale (minimum cross dimension
of the specimens was 300 mm) equipment during testing program.

This enabled

preparation of specimens to gradations representative of field conditions.

The consolidation cell was employed to evaluate the deformation and degradation
characteristics of railway ballast when subjected to excessive confinement such as a
section of ballasted railway track on a bridge. The height of the consolidation cell was
reduced so the H/D of the specimen was less than unity. This was done to ensure that
the reduction of the applied axial stress due to friction of specimen on the boundary of
consolidometer is minimized. In addition the friction between the specimen and the cell
wall was reduced by applying graphite powder on the wall. Geo-fabric inserts were used
to separate the two layers of ballast specimens so the grains crushing was monitored for
each layer separately. The additional breakage due to the rigid base was avoided by
placing a rubber mat on the base. Strain gauges glued on the outside of consolidation
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cell were used to monitor the variation in the circumferential (hoop) and longitudinal
strains acting on the wall of the confining cell. By employing the elastic theory applied
to the steel wall, the horizontal stresses in the ballast specimen at the level of the gauges
were computed. The axial load was applied from the top via compressed air. The load
piston moves downwards or upwards as the specimens settle or swell. Therefore, by
monitoring the piston movement relative to the top plate the settlement of specimen is
recorded. Nevertheless, the consolidation cell provides excessive confinement, which is
characteristic to particular situations (a section of railway track on a bridge).

In

addition, at a given depth the lateral confinement is constant all around, which is not a
true model of the in-track conditions (even for a section of railway track on a bridge).
Therefore, additional testing devices need to be employed to properly evaluate the
behaviour of railway ballast for varied confining conditions.

The cylindrical triaxial cell was employed to evaluate the stress-strain and degradation
behaviour of railway ballast for various levels of confinement and drainage conditions.
The specimen was confined in a neoprene rubber membrane, which was protected with a
layer of rubber foam against puncture from ballast sharp edges and corners.

The

confining pressure was applied via an air/water receiver to the saturated specimens.
Both the axial and confining pressure were monitored. The axial displacement of
specimen was monitored via movement of loading piston relative to the top of triaxial
chamber. The volume change of specimen was estimated by measuring the volume of
water entering or exiting the specimen during the tests. The lateral deformation was
computed from the measured volumetric and axial deformation.

In spite of good

definition of behaviour of tested material, the cylindrical triaxial cell has its limitations.
That is the confining pressure is uniform around the specimen circumference, whilst in
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the track the confining pressure differs for the two lateral directions (parallel and
perpendicular to the sleeper direction). Furthermore, the axial load in the conventional
triaxial equipment is applied on entire specimen area, causing a diminished response of
the ballast to vibrations, whereas in the field the ballast is loaded only under the sleeper
and the crib ballast is free to move vertically or to flow.

The novel prismoidal true triaxial rig was built to accommodate a section of railway
track with all components, which can be subjected to three mutually independent
principal stresses. The axial load is applied through a steel ram to a timber sleeper and
further down to the ballast and sub-ballast layers. The contribution of each layer to the
deformation and degradation of railway track can be determined.

In addition the

confining pressure can now be independently varied in the direction parallel and
perpendicular to the rail. The relative movement of each corner of the device walls is
monitored. Therefore, the change in the dimensions of the specimen during testing can
be detected. The fully instrumented equipment enables the measurement of: vertical
pressures at different depth inside the ballast bed, lateral pressure developed within
ballast layer, vertical and lateral plastic flow of ballast specimen upon loading. In
conclusion, this new testing device eliminates the limitation of the cylindrical triaxial
cell.

Good and reliable testing results required proper calibration of the monitoring
instrumentation, which allowed the development of correction correlations to be applied
to the recorded data. The most difficult correction required was that for the contribution
of membrane strength and penetration to the axial strength and confining pressure during
the cylindrical triaxial tests.
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CHAPTER 5
MATERIALS DESCRIPTION AND TEST
PROCEDURES
5.1 INTRODUCTION
This chapter begins with the description of the types of ballast used in the present
research, and their physical properties and characteristics determined using standard
selection procedures. A detailed description of the test program and procedure used to
investigate the stress-strain, deformation and degradation characteristics of railway
ballast are presented in the following sections.

5.2 MATERIALS
A total of 84 locations at 26 sites on the Sydney Metropolitan, South Coast, Southern
Highlands, Newcastle and Central Coast, and Blue Mountains lines were identified as
trouble spots (ie. exhibiting poor track geometry, soft foundation and associated loss of
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track stability) where the ballast layer was believed to be the main cause of failure of the
track (Christie, 1995). Inspections of ballast samples removed from the nominated
locations revealed that crushed basalt was mostly used, apparently sourced from a Rail
Access Corporation quarry at Bombo (Christie, 1995).

On few locations andesite

sourced from a Rail Access Corporation quarry at Martins Creek was used as railway
ballast (Christie, 1995).

Considering these findings and the fact that the Bombo quarry is the main source of
ballast for the construction and maintenance of railway tracks within the Sydney
Metropolitan, Southern and Western rail network in NSW, it was decided that fresh
ballast supplied from this same quarry (basalt) would be used in the present research. In
addition, the physical and mechanical properties of recycled (worn) ballast supplied from
two spoil stockpiles at St Marys and Chullora were also investigated. A subsequent
comparison of the engineering behaviour of the two types of railway ballast was used to
establish the construction potential of the recycled material.

5.2.1 Clean Ballast
Fresh ballast samples were obtained from the Bombo quarry situated 100 km South of
Sydney. In order to obtain representative samples of the ballast production, samples
were collected directly from the delivery hoppers. The particle size distribution curve of
this freshly crushed basic igneous rock, for which the maximum particle size was

75

mm and the minimum 13.2 mm, is presented in Figure 65 together with the
specifications of the SRA NSW (TS 3402-83).

The sample consisted of hard, robust, highly angular, quite similar shape of
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Figure 65. Particle size distribution of supplied clean ballast

unweathered, dark grey aggregates. Three representative specimens were used to prepare
thin sections in the geo-morphology laboratory of La Trobe University.

Rossiter (2000) reported that the most prominent feature was the presence of prismatic
plagioclase phenocrysts up to at least 10 mm long displaying a relatively Ca-rich
composition. Boat-shaped masses of iddingsite replaced the olivine crystals, which were
about 1 mm long. Also present were micropenocrysts of clinopyroxene, 0.5 mm across
and occasional phenocrysts of magnetite up to about 1 mm in diameter. These minerals
formed clots in some instances and were set in a fine-grained groundmass that consisted
of plagioclase laths, rough stumpy prisms of clinopyroxene, granules of magnetite, and
perhaps some alkali feldspar (Fig. 66). The nature and composition of the plagioclase,
the apparent former presence of olivine and the relatively dark colour of
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Figure 66. Photomicrograph of latite/basalt showing a clot of prismatic plagioclase,
iddingsite after olivine (brown), magnetite (black) and clinopyroxene set in finegrained groundmass (crossed polars) (Rossiter, 2000)

the hand samples indicate that the rock is either a basalt or a latite (if groundmass alkali
feldspar is more abundant than it appears). Although the rock appeared to be fairly
strong the presence of carbonate and possible former glass might render it less durable.

In order to investigate the degree of degradation of railway ballast in the field, fresh
samples of andesite were also obtained from the Martins Creek quarry situated 240 km
North of Sydney. The particle size distribution curve of this freshly crushed igneous
rock, displaying a maximum particle size of 63 mm and a minimum of 4.75 mm, is
presented in Figure 65 together with the specifications of the SRA NSW (TS 3402-83).
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5.2.2 Recycled Ballast
The recycled ballast samples were taken from spoil stockpiles at St Marys and at
Chullora. Large quantities of waste material accumulated at these locations had resulted
from various maintenance processes such as undercutting/cleaning and renewal of ballast
to which a ballast layer might be subjected during its in service life. Spoil from the
stockpiles was passed through a sample splitter and subsequent vibrating screens in order
to separate the fragments of rock, drains, sleepers and geo-fabric. This was then directed
to a tumbling/rotating screen to remove content finer than 9.5 mm from the ballast mass.
The particle size distribution of the supplied worn material had a maximum grain size of
75 mm and a minimum grain size of 9.5 mm as shown in Figure 67.

The samples of recycled ballast were separated into component particle fractions, and a
manual and visual examination of each grain was performed in order to determine its
source. The composition of the recycled ballast is presented in Table 7 and it was found
that on average, the St Marys recycled ballast consisted of about 60.8% angular crushed
rock, and 34.5% crushed river gravel reported to be from a gravel quarry at Emu Plains
(Christie, 1995). About 4.2% of the content was from various other sources such as cut
in the escarpment, fragments of timber or concrete sleepers, or drainage rubble. The
Chullora recycled ballast consisted of 77.4% angular crushed rock, 14.8% crushed river
gravel and 7.8% grains from other sources. It should be mentioned that a small quantity
of dust (< 1%) was collected upon sieving the Chullora recycled ballast sample. In
addition the visual inspection revealed that the crushed rock fragments were dark grey,
hard, robust, and displayed an angular shape with visible rounded edges. Also, the large
size particles (> 37.5 mm) of crushed river gravel from Emu Plains generally had

176

Chapter 5:

Materials description and test procedures

100

SRA specifications (TS 3402 - 83)
80

% Passing

Gradation F supplied from
St Marys stockpile
Gradation G supplied from
Chullora stockpile

60

40

SRA = State Rail Authority of
New South Wales, Australia

20

0
1

10

100

Particle size, (mm)
Figure 67. Particle size distribution of supplied recycled ballast

at least 3 crushed facets, grey in colour, of relatively rough texture. Within the smaller
grain fractions there was a considerable percentage of uncrushed particles whose
uncrushed sides were rounded and displayed a rough texture and yellow-grey colour.
Generally the crushed river gravel particles were hard and robust.

Representative selections of crushed rock and crushed river gravel were taken from the
supplied samples. Thin sections revealed that the crushed rock (all six specimens) had a
structure and mineral content similar to the fresh ballast supplied from the Bombo
quarry, leading to the conclusion that the crushed rock was basalt or latite supplied from
the same quarry (Rossiter, 2000). Three thin sections prepared from the crushed river
gravel showed that the main feature was the presence of metamorphic spots up to about
0.5 mm across. Rossiter (2000) stated that this material is difficult to identify as it is
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Table 7. Composition of supplied recycled ballast

Composition
Ballast type

Particle CB
size (mm) (%)

CRG SF
(%) (%)

CA Q (%) F (%) S (%)
(%)

OI
(%)

63

74.5

22.7

2.8

0

0

0

0

0

53

76.1

21.2

0.1

1.5

0

0.8

0

0.3

37.5

55

39.9

3.3

0.7

0.4

0.4

0.2

0.1

St Marys

26.5

47.9

46.1

4.7

0.1

0.3

0.2

0.3

0.4

recycled ballast

19

52.5

42

0.7

0.7

1.5

1.9

0.7

0

13.2

59

35.5

1.2

0.4

1.7

0

0.3

1.9

9.5

60.8

34

3.6

0.3

0

0.4

0.6

0.3

63

0

70.4

29.6

0

0

0

0

0

53

85

12.1

0.5

1.4

0

0.9

0

0.1

37.5

87.8

10.6

0.2

0.6

0.5

0

0.2

0.1

26.5

89.2

7.8

2.3

0.2

0.4

0

0.1

0

19

94.1

0.2

0.7

0.9

1.7

1.5

0.9

0

13.2

91.4

0

5.1

0

1.5

0.1

0

1.9

9.5

94.3

2.6

1.6

0

0.2

0.5

0.5

0.3

Chullora
recycled ballast

Notations:
CB = crushed basalt

Q = quartz

CRG = crushed river gravel

F = feldspar

SF = sandstone fragments

S = shale

CA = crushed andesite

OI = other impurities
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crowded with tiny inclusions but is probably cordierite. Areas surrounding these spots
were very fine-grained and consisted of tiny quartz crystals, flakes of biotite and
muscovite and granules of magnetite (Fig. 68). The rock was classified as a hornfels
formed by the contact metamorphism of a fine-grained clay-rich sediment.

The

metamorphic recrystallization rendered toughness and durability to the rock, resulting in
the possibility of it being stronger than the crushed basalt.

5.2.3 Ballast Samples from the Field
Twenty-six sites were visited within the Sydney Metropolitan, South Coast, Southern
Highlands, Newcastle and Central Coast, and Blue Mountains lines. Samples of ballast
were taken from 84 locations. Conditions of the ballast were recorded and are presented
in Table 8. Ballast samples were removed in order to estimate the ballast degradation in
the field. Prisms of load-bearing ballast (300 x 250 mm) to a depth of about 300 mm
below the sleeper were taken for further laboratory investigation.

5.3 TEST PROCEDURES
This section details the procedures used for preparation of the test specimens, setting up
and conducting the tests. Preparation of the test specimens for both monotonic and
repeated loading was similar in order to provide specimens displaying comparable
characteristics.

5.3.1 Characteristic Tests
Chrismer (1985) observed that there are four parameters that seem to be the most
common contributors to ballast failure, viz., hardness, toughness, particle shape and
weathering resistance. Current standard tests for ballast quality and their recommended
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Figure 68. Photomicrograph of hornfel showing cordierite spots surrounded by
fine-grained quartz, biotite, muscovite and magnetite (crossed polars)
(Rossiter, 2000)

values reflect relative measurements of durability and are not directly related to in-track
performance.

These tests give only a basic idea of the acceptability of particulate

material to be used as a foundation bed for railway tracks. Consequently the supplied
ballast (fresh and recycled) was primarily subjected to a complete set of classification
tests in order to establish the following characteristic properties specified by AS 2758.71996:
•

Bulk density of aggregate (AS 1141.4-1996);

•

Particle density and water absorption of coarse aggregate – Weighing-in-water
method (AS 1141.6.1-1995);

•

Density index method for a cohesionless material (AS 1289.5.6.1-1998);
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Table 8. Summary of the problematic sites, ballast conditions and ballast types
CRT NO

LINE

LOCATION

SITE CONDITIONS/RECCOMENDATIONS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

CENTRAL COAST & NEWCASTLE

AWABA TP1
AWABA TP2
AWABA TP3

tract to be reconditioned
tract to be reconditioned
tract to be reconditioned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
failed formation-attrition spots-reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
track to be reconditioned
track to be reconditioned
track to be reconditioned
track just reconditioned
track just reconditioned
track just reconditioned
track just reconditioned
track just reconditioned
track just reconditioned
track to be ballast cleaned/reconstructed
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconstructed
track to be ballast cleaned/reconstructed
track to be ballast cleaned/reconstructed

SUTHERLAND

BANKSTOWN

BLUE MOUNTAINS
BLUE MOUNTAINS
SOUTHERN HIGHLANDS

BANKSTOWN

INNER WEST

CENTRAL COAST & NEWCASTLE

SOUTH COAST
AIRPORT & EAST HILLS

AIRPORT & EAST HILLS
CENTRAL COAST & NEWCASTLE

INNER WEST
SOUTH COAST

BANKSIA TP10
BANKSIA TP14
BANKSIA TP18
BELMORE TP1
BELMORE TP2
BELMORE TP3
BELMORE TP4
BELMORE TP5
BELMORE TP6
BLAXLAND
BULLABURRA
CAMPBELLTOWN TP1
CAMPBELLTOWN TP2
CAMPBELLTOWN TP3
CANTERBURY TP1
CANTERBURY TP2
CANTERBURY TP3
CANTERBURY TP4
CANTERBURY TP5
CANTERBURY TP6
CHESTER HILL TP1
CHESTER HILL TP2
CHESTER HILL TP3
COWAN TP1
COWAN TP2
COWAN TP3
COWAN TP4
COWAN TP5
COWAN TP6
DAPTO TP1
EAST HILLS TP1
EAST HILLS TP2
EAST HILLS TP3
GLENFIELD UNDERBRIDGE
GOSFORD TP1
GOSFORD TP2
GOSFORD TP3
GOSFORD YARD TP1
GOSFORD YARD TP2
GOSFORD YARD TP3
FLEMINGTON - NORTH END
KEMBLA GRANGE TP1
KIAMA TP1
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DATE
SAMPLED

SITE km

BALLAST SHAPE

13/2/95
13/2/95
13/2/95

137.168 DR
137.297 DR
137.369 DR

ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED

8/2/95
8/2/95
8/2/95
23/1/95
23/1/95
23/1/95
23/1/95
23/1/95
23/1/95
19/12/94
22/4/95
23/1/95
23/1/95
23/1/95
18/1/95
18/1/95
18/1/95
18/1/95
18/1/95
18/1/95
30/1/95
30/1/95
30/1/95
13/2/95
13/2/95
13/2/95
13/2/95
13/2/95
13/2/95
26/5/95
11/1/95
11/1/95
11/1/95
14/12/95
14/2/95
14/2/95
14/2/95
14/2/95
14/2/95
14/2/95
10/4/95
23/5/95
7/2/95

15.573 UR
15.834 UR
15.834 DR
13.563 DR
13.563 UR
13.954 UR
13.954 DR
14.238 UR
14.238 DR
71.05 UR
97.77 UR
67.893 UR
67.945 UR
68.293 UR
10.230 UR
10.161 UR
10.109 UR
10.109 DR
10.161 DR
10.230 DR
22.388 UR
22.309 UR
22.238 UR
52.240 DR
52.284 DR
54.730 DR
52.700 DR
54.651 DR
54.703 DR
96.350 UR
22.1485 DR
22.317 DR
21.873 DR
41.054 DR
64.567 DR
74.569 DR
75.234 DR
75.694 DR
78. 452 DR
81.392 DR
135.00-213.00 UR
91.160 UR
118.650 UR

SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
SLIGHTLY ROUNDED TO ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
ANGULAR
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
SLIGHTLY ROUNDED TO ROUNDED
SLIGHTLY ROUNDED TO ROUNDED
SLIGHTLY ROUNDE EDGES
ROUNDED
ANGULAR TO ROUNDED
ANGULAR TO SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
ANGULAR TO SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
ANGULAR
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
ROUNTED TO SUBROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED

TYPE OF
BALLAST
ANDESITE
ANDESITE
ANDESITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
MIX
LATITE
MIX
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
ANDESITE
ANDESITE
ANDESITE
ANDESITE
ANDESITE
ANDESITE
LATITE
LATITE
LATITE
LATITE
LATITE
ANDESITE
ANDESITE
ANDESITE
ANDESITE
ANDESITE
ANDESITE
LATITE
LATITE
LATITE
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
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BANKSTOWN

RICHMOND
INNER WEST

SOUTH COAST

SOUTHERN HIGHLANDS

BLUE MOUNTAINS

CUMBERLAND

KIAMA TP2
KIAMA TP3
PUNCHBOWL TP1
PUNCHBOWL TP2
PUNCHBOWL TP3
PUNCHBOWL TP4
PUNCHBOWL TP5
PUNCHBOWL TP6
PUNCHBOWL TP7
PUNCHBOWL TP8
PUNCHBOWL TP9
SCHOFIELDS TP1
SCHOFIELDS TP2
SEFTON JUNCTION TP1
SEFTON JUNCTION TP2
SEFTON JUNCTION TP3
SEFTON TP1
SEFTON TP2
SEFTON TP3
SHELLHARBOUR TP1
SHELLHARBOUR TP2
SHELLHARBOUR TP3
TAHMOOR TP3
TAHMOOR TP6
TAHMOOR TP9
TAHMOOR TP11
TAHMOOR TP13
TAHMOOR TP15
TAHMOOR TP17
TAHMOOR TP19
TAHMOOR TP21
TERALBA TP1
TERALBA TP2
TERALBA TP3
WENTWORTH FALLS
WENTWORTH FALLS
WENTWORTH FALLS
YENNORA TP1

track to be ballast cleaned/reconstructed
track to be ballast cleaned/reconstructed
failed foundation - reconstruction
failed foundation - reconstruction
failed foundation - reconstruction
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
track to be reconstructed-substandard ballast, pumping track
track to be reconstructed-substandard ballast, pumping track
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be reconditioned
track to be ballast cleaned
track to be reconditioned
track to be ballast cleaned
loop preliminary study-clean
loop preliminary study-clean
loop preliminary study-clean
loop preliminary study-clean, loose condition
loop prelim study-clean
loop preliminary study-clean, loose condition
loop preliminary study-clean
loop prelim study-clean, ponding water 720 br
loop preliminary study-clean
ballast to be cleaned
ballast to be cleaned
ballast to be cleaned
before ballast cleaning
after ballast cleaning
spoil from ballast cleaning
ballast to be cleaned

DR = down rail; UR = up rail; M = main rail;
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7/2/95
7/2/95
24/1/95
24/1/95
24/1/95
24/1/95
25/1/95
27/1/95
27/1/95
27/1/95
27/1/95
19/2/95
19/2/95
11/1/95
11/1/95
11/1/95
19/2/95
19/2/95
19/2/95
8/2/95
8/2/95
6/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
26/6/95
22/4/95
22/4/95
22/4/95
2/2/95

118.876 UR
118.72 UR
16.649 UR
16.690 UR
16.754 UR
13.954 UR
16.825 UR
16.895 UR
16.971 UR
17.123 UR
17.253 UR
42.160 UR
42.140 DR
23.1367 DR
23.040 DR
22.925 DR
20.875 DL
20.9 DR
20.950 UR
110.75 UR
110.675 UR
111.250 DR
98.5M
98.8 M
99.1 M
99.3 M
99.6 M
99.9 M
102.0 M
100.56 M
100.8 M
130.56 M
135.6 M
138.9 M
101.005-101.034 DR
101.005-101.034 DR
101.005-101.034 DR
26.274 DR

SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
ANGULAR
SLIGHTLY ROUNDED TO ROUNDED
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED
ROUNDED EDGES
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED EDGES
ANGULAR
SLIGHTLY ROUNDED TO ROUNDED
ANGULAR TO SLIGHTLY ROUNDED
SLIGHTLY ROUNDED TO ROUNDED
ROUNDED
SLIGHTL ROUNDED
SLIGHTLY ROUNDED
ANGULAR TO SLIGHTLY ROUNDED
SLIGHTLY ROUNDED
ANGULAR
SLIGHTLY ROUNDED
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
SLIGHTLY ROUNDED EDGES
ANGULAR
ANGULAR
ANGULAR
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
ROUNTED TO SUBROUNDED
SLIGHTLY ROUNDED

LATITE
LATITE
LATITE
MIX
LATITE
LATITE
LATITE
MIX
MIX
LATITE
LATITE
LATITE
LATITE
MIX
MIX
MIX
MIX
LATITE
LATITE
LATITE
MIX
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
LATITE
MIX
MIX
MIX
LATITE
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•

Particle size distribution by sieving (AS 1141.11-1996);

•

Particle size distribution – Standard method of analysis by hydrometer
(AS 1289.3.6.3-1994);

•

Particle shape, by proportional caliper (AS 1141.14-1995);

•

Flakiness index (AS 1141.15-1995);

•

Crushed particles in coarse aggregate derived from gravel (AS 1141.18-96/98);

•

Aggregate crushing value (AS 1141.21-1997);

•

Los Angeles value (AS 1141.23-1995);

•

Resistance to wear by attrition (AS 1141.27-1995);

•

Determination of point load strength index (AS 4133.4.1-1993).
Samples removed from the field were subjected to the same set of tests so that the
variation in the characteristic properties could be correlated with the degradation of
ballast due to traffic load. These properties are summarized in Table 9. A discussion on
the relationship between the characteristic properties and observed behaviour of the
railway ballast is presented in Chapter 7.

5.3.2

Specimen Gradations
The maximum particle size of supplied ballast (fresh and recycled) was 75 mm. Past
research showed that the sample size effect was negligible as the sample size ratio
approached a value of 6 (Marachi et al., 1972; Indraratna et al., 1993; Salman, 1994).
Furthermore, Salman (1994) reviewed past research on the effect of sample size ratio on
the behaviour of various geo-materials and concluded that if the content of coarser grains
was less than 30% of the specimen mass, then a ratio of 6 did not affect the test results.
However, values as small as 4 and 5 were used by other researchers in their
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Table 9. Characteristic properties of the railway ballast
Source of specimen
Test
Aggregate crushing value (%)
Los Angeles value (%)
Particle density (kg/m3)
Point load index (MPa)
Water absorption (%)
Wet attrition value (%)
Crushed particles (%)
Flakiness index (%)
Misshapen particles (%)

Fresh
Recycled Recycled Ballast
ballast
ballast
ballast from the AS2758.7
-1996
(Bombo) (St Marys) (Chullora) field
Durability
12
11
10
16
<25
15
12
11
14
<25
2672
2788
2775
2652-2763 >2500
5.39
5.88
5.57
5.37
0.6
1.78
1.98
2.01
8
3
5
3-5
<6
Shape
100
85
92
99
>95
25
22
23
23
<30
20
18
19
18
<30

studies (Knutson and Thompson, 1978; Stewart, 1986; Alva-Hurtado and Selig, 1981;
Brown and O’Reilly, 1991).

Therefore a maximum particle size of 75 mm was adopted for the specimens used in both
the consolidation cell (diameter 450 mm) and in the prismoidal process simulation true
triaxial rig (minimum dimension 600 mm). Gradations were identified as gradation A for
fresh ballast, and gradations F and G for recycled ballast from St Marys and Chullora,
respectively.

For the preparation of specimens used in the cylindrical triaxial equipment (diameter 300
mm), however, it was necessary to limit the maximum particle size to 53 mm in order to
satisfy the minimum size ratio. Therefore, gradations B, C, D and E were determined
using a technique proposed by Lowe (1964) in which particle size distribution curves
parallel to the upper limit and lower limit of SRA specification, respectively were
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adopted. ‘As supplied’ gradations were utilized for both fresh and recycled ballast and
were identified as gradations A and F. A summary of these 7 gradations is as follows:
•

Consolidation cell: Gradation A for fresh ballast, previously presented in
Fig. 65;

•

Cylindrical triaxial equipment: Gradations A, B and C for fresh and Gradations
D, E and F for recycled ballast, as shown in Fig. 69; also Gradation G (Fig. 67) was
used in a reduced number of triaxial tests;

•

Process simulation true triaxial rig: Gradation A for fresh ballast and Gradations
F and G for recycled ballast as plotted earlier in Figs. 65 and 67.

Table 10 summarises the characteristics of the laboratory samples, including the
uniformity coefficient CU and the coefficient of curvature prior to testing. Values of
1.5-1.9 correspond to an uniformly graded ballast.

Apart from the conventional

parameters characterising a given particle gradation (d10, d50, CU and CC), the modulus
of gradation ( A ) was utilised to describe the particle size distribution of the specimen
(Hudson & Waller, 1969). The higher the value of A , the greater is the content of finer
grains in the given gradation.

5.3.3 One Dimensional Compression Tests
5.3.3.1. Assembly of the Consolidation Cell
Prior to testing, the interior walls of the consolidation cell were cleaned and the grooves
and the screw holes were checked to ensure that they were clear. After applying a layer
of waterproof sealant on the wings, the two halves were reassembled and tightened
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100

SRA specifications (TS 3402 - 83)

80

Gradation A

% Passing

Gradation B, D
60

Gradation C, E
Gradation F

40

SRA = State Rail Authority
of New South Wales
Australia

20

0
1

10

100

Particle size, (mm)

Figure 69. Gradations designed for the cylindrical triaxial test for both fresh and
recycled ballast

Table 10. Grain size characteristics of railway ballast used in present research
Dmax D10 D30 D50 D60
Particle shape (mm) (mm) (mm) (mm) (mm) CU
Gradation A Highly angular 75 28.2 37.5 44.2 47.8 1.7

Test type

Size
ratio A
1.0 6.0 0.82
CC

Gradation A-1 Highly angular

63

23.5 31.2 36.5

40.1 1.7

1.0

N/A 1.18

Gradation B Highly angular

53

27.1 32.6 39.2

41.3 1.5

0.9

5.7 1.06

Gradation C Highly angular

53

20.7 26.7 30.3

32.8 1.6

1.0

5.7 1.39

Gradation D

Subrounded

53

27.1 32.6 39.2

41.3 1.5

0.9

5.7 1.06

Gradation E

Subrounded

53

20.7 26.7 30.3

32.8 1.6

1.0

5.7 1.39

Gradation F

Subrounded

75

24.2 34.5 42.2

45.5 1.9

1.0

4.0 0.95

Gradation G

Subangular

75

23.1 31.5

41.5 1.8

1.0

8.0 1.11
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together. The rigid bottom section was then positioned on the cell bottom plate using the
long bolts provided. Using the pulley attached to the equipment, the assembled cell wall
was fixed on the bottom support. A thin layer of axle grease was applied to the interior
wall of the clean consolidation cell. Three layers of greased wrapping paper were used
to cover the interior cell wall and heights of 200 mm and 400 mm were marked on the
top wrapping paper sheet. Finally a rubber mat was placed inside the consolidation cell
over the rigid bottom prior to preparation of the specimen.

5.3.3.2. Preparation of Specimens
The compression behaviour and degradation characteristics of railway ballast were
studied in the large-scale consolidation cell, the main features of which were previously
discussed in Section 4.2.1. During the collection of ballast samples in the field, density
tests were conducted at designated locations. This enabled identification of the range of
ballast density in the field. In order to simulate this density range during the test
program, specimens were prepared as:
•

relatively loose or uncompacted ballast, representative of newly constructed
tracks, and tracks immediately after a maintenance process;

•

dense or compacted ballast, representative of frequently used tracks.

The first stage in the preparation of the test specimens was the separation of the air-dried
fresh ballast into the different grain fractions by dry mechanical sieving. During this
stage, the corresponding percentage for each grain fraction was estimated.

The quantity of material required for each specimen was determined from the volume of
the test cell, the specific gravity of aggregates, the natural moisture content of the fresh
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ballast (estimated to be less than 1%) and the bulk unit weight. This procedure ensured
that each test specimen was prepared with the same designated gradation A. These
quantities were divided equally to ensure that the material in the top and bottom parts of
the cell had a similar composition. The material weighed from each fraction was then
blended thoroughly on a flat surface.

Prior to placing specimens inside the consolidation cell, the strain gauges (on the outer
cell) were connected to the strain meters and the hoop and longitudinal strains in the steel
wall of the cell were recorded. Then, using a scoop, small quantities of the blended
ballast were placed inside the consolidation cell from a height of 50 mm. Care was taken
to ensure an even distribution of the material. This procedure produced loosely packed
specimens.

Compacted specimens were prepared in lifts of 60 –70 mm, and each layer was subjected
to 25 blows from a standard Proctor hammer. This compaction effort was adequate to
produce densities close to the upper bound of the field compaction in NSW tracks.
Breakage during specimen preparation was minimized by the provision of a rubber tip on
the hammer. In order to investigate the variation of particle degradation with depth, a
thin non-woven geo-fabric sheet was installed once the 200 mm mark had been reached.
This type of fabric is ideal to retain the fines produced by particle degradation within
each layer, which would otherwise migrate downwards to the lower regions of the
consolidometer.

The top of the ballast layer had to be rearranged by hand to obtain a relatively even
surface and uniform support for the loading plate. The standard height of the specimens
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was 400 mm. Prior to installation of the top plate, another set of measurements was
collected from the strain gauges placed on the cell walls. Following installation of the
top plate, another set of readings was recorded from the strain meters, which were used
in computation of lateral stresses. After the LVDT was positioned, the compressor was
connected and the test could begin. Table 11 provides a summary of the characteristics
of prepared specimens used in the consolidation cell.

5.3.3.3 Test Procedures
Both the uncompacted and compacted ballast specimens were subjected to monotonic
and repeated loading tests. It was decided that the monotonic loading tests be performed
using two load patterns, viz., a constant load increment and a variable load increment.
The test procedure established for each specific test is discussed in the following
sections.

a. Monotonic Loading with Constant Load Increment on Dry Specimens
During this first type of compression test, the load was varied from 0 to 950 kPa using
constant loading increments (CLI) of 100 kPa applied at one-hour intervals with a last
increment of 50 kPa. Preliminary investigations showed that a large proportion of the
deformation associated with any given load increment occurred almost instantaneously
after the application of the load, with the remainder developing within 15 minutes of the
load application.

However, it was decided to use one-hour load intervals in order to allow for the
rearrangement of crushed particles. The maximum load was kept constant for 24 hours,
after which the specimens were unloaded in decrements of 100 kPa at 15 minute
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Table 11. Characteristics of specimens used during 1-D consolidation tests
Gradation Sample

A

air-dried
air-dried
flooded
air-dried
air-dried

Compaction
state
un-compacted
compacted
compacted
un-compacted
compacted

Unit weight
(kN/m3)
13.8
15.6
15.6
13.8
15.6

Density Void Max pressure
index
ratio
(kPa)
19
0.95
950
75
0.74
950
75
0.74
950
19
0.95
560
75
0.74
560

intervals.

b. Monotonic Loading with Variable Load Increment on Dry Specimens
The second type of compression test employed variable load increments (VLI) as
follows. Specimens were subjected to a rapid initial loading of 500 kPa which was kept
for 2 hours, followed by two increments of 50 kPa applied at two-hour intervals.
Subsequently, three 100 kPa increments were applied at hourly intervals ending with a
last increment of 50 kPa. The maximum load of 950 kPa was kept constant for up to 24
hours and then specimens were unloaded in decrements of 100 kPa, at 15 minute
intervals. The rationale for this type of loading was to model the variable loading pattern
that occurs in field, i.e., the initial loading may represent the effect of traffic on a track
that has just been maintained, and the shift in the loading pattern allows for different
trains capacity (weight) and speeds.

c. Monotonic Loading with Constant Load Increment Subjected to Sudden Wetting
During this compression test, a loading pattern similar to that in first type of tests was
used, i.e. constant loading increments (CLI) of 100 kPa were applied at hourly intervals
(no rapid initial loading) and the maximum load was kept constant for 24 hours. While
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the maximum load was kept constant, the specimens were flooded in order to investigate
the effect of the addition of water on the deformation and degradation characteristics.
The specimens were kept under this loading condition for 24 hours after which the load
was removed in decrements of 100 kPa at 15 minutes intervals.

d. Repeated Loading on Dry Specimens
After installing a specimen, the pressure in the pressure chamber was varied and
monitored using the pressure regulator and the digital display discussed in

Section

4.2.1.2. This enabled application of repeated loading on the ballast specimens. Also,
during the calibration process (Section 4.3.2.1) the time required for varying the applied
pressure between set levels was measured.

As discussed in Section 2.4.6, apart from the maximum traffic load, the frequency and
the number of cycles were also associated with the performances of railway ballast in
service. Axial pressures applied to the ballast specimens, corrected for the loss due to
friction as discussed in Section 4.3.2.1, varied from 50 to 560 kPa. In determining the
maximum contact pressure between the platen and pressure to be applied to the ballast,
the following assumptions were adopted in accordance with discussion presented in
Section 2.2.2.4: the nominal axle load was 30 tonnes, a maximum train speed of 80 km/h
and the track is in good conditions. Based on the above data a dynamic coefficient of
1.29 was obtained for a chosen upper confidence limit of 97.7%. The pressure was then
computed considering that the wheel load is carried by half of the sleeper area and the
railway track as a beam on an elastic foundation (Esveld, 1989; Jeff and Tew, 1991).
The the material characteristics employed in the analysis and computed values are
presented in Table 12. A minimum compressive stress of 50 kPa was maintained
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Table 12. Parameters used with beam on elastic foundation theory for the
computation of sleeper/ballast contact pressure to be employed during the repeated
loading in the 1-D consolidation cell
Variable
Units
AS60 Rail (continuous welded)
Gauge
mm
Head width
mm
Weight
kg/m
Young’s modulus
MPa
Moment of inertia, Ix
mm4
Sleeper
Spacing
mm
Length
m
Width
mm
Cross-sectional area
mm2
Unit weight
kN/m3
Ballast
Modulus of elasticity
MPa
Poisson’s ratio, ν
Modulus of subgrade reaction (Vesic, 1961), kb
MN/m3
Unit weight
kN/m3
Sleeper/Ballast contact pressure
Maximum pressure
kPa
Minimum pressure
kPa

Value
1435
70
60
2.07 × 105
29.4 × 106
600
2.40
230
26450
10.6
150
0.3
117.9
16.7
560.8
49.2

during testing, in order to model the effect of the self-weight of the rail, sleeper and crib
ballast. The loading-unloading cycles were carried out at intervals of 22 - 28 seconds
between each cycle.

5.3.3.4 Data Collection
Deformations and strains developed in the cylinder walls were continuously monitored.
The deformation corresponding to each load increment during the monotonic loading
tests was measured at the following preset times after the load was applied: 0.1, 0.25, 0.5,
1, 2, 4, 8, 15, 30, 60 and 120 minutes (where applicable). For the same tests, the strains
192

Chapter 5:

Materials description and test procedures

developed in the cell wall were measured at the end of each loading increment.
However, for the repeated loading tests, the deformation developed after each load
repetition was recorded while the strains in the steel cylinder were monitored after 1, 10,
100, 200, 400, 800 and 1000 of load repetitions.

5.3.3.5 Sample Removal and Determination of Particles Breakdown
After each test, the top portion of the specimen was carefully separated, and the thin
geotextile removed. This enabled identification of the deformation of the bottom layer
alone, following which the ballast was removed. The material was sieved and the
changes in the grading were recorded for each layer, thereby enabling evaluation of
ballast degradation corresponding to each type of loading pattern.

5.3.4 Cylindrical Triaxial Tests
5.3.4.1 Preparation of Specimens
The volume of the test specimen, the specific gravity and the bulk unit weight of ballast
determined the quantity of material required for each specimen. Using this procedure, it
was ensured that each test specimen was prepared with the same designated gradation.
All quantities were divided equally to ensure that the material in the top and bottom parts
of the cell had a similar composition. The material weighed from each fraction was
blended, placed in a water bath and left for 24 hours to saturate the pores in the aggregate
grains. This was necessary to model the deformation processes associated with ‘wet’
ballast that occurs typically in low-lying coastal areas of NSW.

Prior to preparation of the specimens, the bottom and top plates as well as the specimen
pedestal were thoroughly cleaned, and a layer of petroleum jelly was smeared on the
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sides of the plates. Subsequently, a rubber membrane was fixed to the base plate using
three hydraulic clamps. A compaction mould composed of two half-cylinders

(Fig.

70.a) was placed on the specimen pedestal and tightened around the rubber membrane
for support during specimen preparation. The height of 600 mm was then marked on the
rubber membrane.

Preliminary tests showed that the rubber membrane was readily punctured by the sharp
edges of the aggregate and could be used for a maximum of two tests. In order to extend
the life of the rubber membrane, it was decided to insert rubber foam (3 mm thick that
reduced to less than 1 mm when compressed). This material proved to be efficient
without affecting the test results as discussed in Chapter 7.

Soaked ballast was placed on a flat surface and thoroughly mixed. The placement
procedure varied, depending on whether the specimens were to be prepared in an
uncompacted or compacted state. For uncompacted specimens, small quantities of the
blended ballast were placed using a scoop inside the consolidation cell from a height of
50 mm, taking care to ensure an even distribution of the material. This procedure
produced specimens of low to medium compaction depending on its gradation.

Compacted specimens were prepared in lifts of 50-60 mm, and each layer was subjected
to 25 blows from a standard Proctor hammer. This compactive effort was sufficient to
produce densities close to the upper bound of the field compaction in NSW tracks.
Breakage during specimen preparation was minimized by placing a rubber pad (4 mm
thick) on top of ballast before compaction (Fig. 70.d).
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(d)

(a)
(b)

(c)

Figure 70. View of the cylindrical triaxial specimen ready for test: (a) compaction split
mould; (b) prepared specimen; (c) rubber mat used during compaction; (d) the triaxial
chamber fitted with the wheels and the aluminium collar

In order to investigate the variation of particle degradation with depth, a thin non-woven
geotextile sheet was installed at a height of 300 mm. This type of geofabric is ideal to
retain the fines produced by particle degradation within each layer, which would
otherwise migrate downwards to the lower regions of the specimen.
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Once the standard specimen height of 600 mm was reached, the top of the ballast layer
had to be rearranged by hand to obtain a relatively even surface and uniform support for
the loading plate. The top plate was then installed and the rubber membrane was
attached to it using three hydraulic clamps. Table 13 summarises the characteristics of
the specimens prepared in the cylindrical triaxial cell.

5.3.4.2 Triaxial Chamber Assembly
Following the installation of the top plate, the vacuum/drainage plastic tubes were
connected between the top plate and the specimen pedestal. Before removing the collar
from the specimen, a vacuum head of 0.2 kPa was applied through the lines connected to
the cap. The lines were extended to the exterior of the cell chamber. This suction was
sufficient to ensure stability during the transfer of the specimen to the interior of the
triaxial cell (Fig.70.a).

After the mould was removed, the total height of the specimen and three diameters were
measured. This enabled a correction to the volume of the specimen. After smearing the
O-ring grove with petroleum jelly, it was attached to the specimen pedestal. After
checking that the aluminium collar preventing the piston from slipping on the specimen
was securely in place, a hand-operated crane was used to slowly lower the cell body over
the specimen. Care was taken to correctly position the drainage conduits and align the
bolts between the triaxial chamber and pedestal. The chamber body was secured in place
by tightening the bolts, working on diametrically opposite pairs of bolts at the same time.

Wheels were then fitted and the triaxial chamber was moved under the loading frame,
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Table 13. Characteristics of specimens used during cylindrical triaxial compression
tests
Type of test

Dry unit
weight
(kN/m3)

Density
index Void ratio

No. of
tests

Gradation

Confining
pressure
(kPa)

15.6

77

0.73

3

A

15.1

53

0.79

10

B

1, 8, 15, 30,

Isotropically

16.3

96

0.66

3

B

60, 90,

consolidated

15.5

54

0.75

10

C

120, 240

drained tests

16.6

97

0.63

3

C

16.3

82

0.68

7

D

16.4

88

0.67

7

E

1, 8, 15,
30, 60,

16.5

92

0.66

7

F

120, 240

16.3

89

0.67

3

G

15.1

54

0.79

3

B

Isotropically

60, 120, 240

consolidated
undrained tests

15.5

55

0.75

3

C

Loadingunloadingreloading tests

15.1

54

0.79

3

B
60, 120, 240

15.5

55

0.75

3

C

making sure of the alignment of the cell piston and hydraulic jack. Once the wheels were
detached, the triaxial chamber fully rested on the foundation plate. After the aluminium
collar was removed, the piston was allowed to slowly slide onto the specimen cap. The
Perspex collar supporting the axial displacement LVDT was fitted on the hydraulic jack
piston, and the jack was then brought into contact with the cell piston. After the LVDT
(used to measure the volume change) was fitted on top of the volume change piston, all
pressure transducers (axial pressure, confining pressure, pore water/back pressure) were
connected, and the control panel was switched on and allowed to warm up for at least 1
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hour prior to testing. The confining pressure and backpressure tanks were filled with tap
water and, together with the volume change cylinder were connected to the triaxial
chamber using the designated plastic tubes.

5.3.4.3 Test Procedure
Previous research showed that, even when the axial stress at sleeper/ballast interfaces is
relatively high due to rail or wheel defects, the confining stress would rarely exceed 140
kN/m2 (Raymond and Davies, 1978). Consequently, the present study has focused on the
behaviour of ballast at relatively low confining pressures (σ3′ ≤ 240 kPa).

The test procedure for the consolidation stage of the test was similar for all types of tests.
After the cell air bleeder valve was opened, the cell was filled with tap water and any air
bubbles were removed. The specimen was then flushed by applying de-aired water from
the bottom of the sample, which pushed out any air bubbles through the top drainage
line. This was continued until all large air bubbles were flushed out, after which the top
and bottom specimen drainage lines were closed. Although the ballast displayed a
uniform gradation, a backpressure of less than 0.2 kPa was applied on the specimen for
12 hours to eliminate any air bubbles trapped inside the specimen and to ensure complete
saturation of the specimen porous plates.

After making sure that the specimen vacuum/drainage valves were opened, the isotropic
consolidation pressure was applied through the Belofram cylinder to the sample by the
air-water pressure system (Section 4.2.2.4). The confining pressure increment depended
on the designated confining pressures as summarized in Table 14, and the time interval
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Table 14. Isotropic consolidation increments for triaxial compression tests
Confining pressure (kPa)
1, 8, 15, 30
60, 90
120, 240

Pressure increment (kPa)
1
10
20

Application interval (min)
10
20
30

was selected to enable the dissipation of the pore water pressure. The confining pressure
and pore water pressure were continuously monitored during the consolidation stage. As
described in Section 4.2.2.6, two systems were used to measure the volume change, viz.,
the Belofram cylinder connected to the triaxial cell and the graduate burette connected to
the specimen drainage lines.

After the required confining pressure was reached, the axial displacement and volume
change LVDT’s were initialised to zero. The compression stage was then commenced
and its procedure dependent on the type of test to be performed.

a. Drained Compression Triaxial Tests
A total of 83 drained compression tests (CID) were carried out on both fresh and
recycled ballast specimens, with the effective confining pressure varying from 1 to

240

kPa. This pressure range was selected to simulate typical confining pressures generated
within the ballast bed due to the passage of unloaded to fully-loaded trains.

Holtz and Gibbs (1956) verified that the rate of loading has little influence on shear
strength measurements as long as the excess pore water pressures were not permitted to
rise. Therefore, it was decided that the CID tests be performed at an axial strain rate of
0.7% per minute, which allowed sufficient dissipation of pore pressure. The hydraulic
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pump was set so that the 0.7%/min axial rate was maintained for the duration of the test.
Axial displacement, volume change, deviator stress, confining pressure and pore water
pressure variation were continuously monitored, with a reading being taken at each

1

mm of vertical displacement. In spite of drained conditions, very small pore water
pressures (less than 0.2 kPa) were occasionally observed at peak strain, but were
dissipated rapidly without affecting the test results. Tests were stopped when the axial
strain reached 20%.

b. Undrained Compression Triaxial Tests
In order to evaluate the effect of poor drainage on the behaviour of railway ballast, 6
undrained compression tests were carried out on fresh saturated ballast specimens at
confining pressures presented earlier in Table 13. After the relevant consolidation
pressure was achieved, the specimen drainage lines were closed and the deviator stress
increased at a constant axial strain rate of 1.4% per minute. During the test, the axial
stress, confining pressure, pore water pressure and vertical displacement were
continuously monitored. Again, the tests were terminated when the axial strain reached
20%.

c. Drained Loading-Unloading-Reloading Tests
This type of test was performed on 6 specimens of fresh ballast in order to investigate the
effect of loading-unloading-reloading on the behaviour of railway ballast. The tests were
carried out in a similar manner to the CID tests at an axial strain rate of 0.016 per minute.
When a predetermined axial strain was reached, the axial stress was reduced to a set
value, then gradually increased until the next value of axial strain was recorded. The
process was repeated three times and the tests were terminated when 10% axial
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strain was achieved.

5.3.4.4 Sample Removal and Determination of Particles Breakage
At the end of each test, the deviator stress was gradually reduced until the jack just
remained in contact with the cell piston. After removing the confining pressure, the cell
and specimen drainage valves were opened. The control board was switched off and all
instrumentation disconnected and removed from the triaxial chamber. Once the piston
collar and wheels were fitted to the triaxial cell, the triaxial chamber was removed from
the loading frame. After the cell was placed on a platform, the wheels were removed, the
bolts loosened and using the manual crane, the triaxial chamber was subsequently
detached. This permitted measurement of the specimen height and diameters (at three
different heights) to determine the amount of rebounding that followed the removal of
the deviator stress and confining pressure. Following this, the drainage lines and top
plate were dismantled and the crushed ballast was carefully removed. Ballast from the
top and bottom halves of the specimen was placed in separate trays, oven dried and then
sieved to enable computation of the breakage index.

5.3.5 Prismoidal Triaxial Tests
5.3.5.1 Preparation of the Test Box
Prior to placement of the specimen, the interior of the box was thoroughly cleaned after
checking that the gap between the walls and bottom plate was clear of any debris that
might interfere with the lateral sliding of the walls. In order to prevent any ballast
fragments escaping from the gap in the vertical walls, thin (2 mm) rubber insertions were
placed at the corners inside the box. For the first test, these insertions proved to be
difficult to keep in place during specimen placement, and in subsequent tests they were
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replaced by wrapping paper. Axle grease was used between the steel walls and wrapping
paper in order to keep it in place during specimen preparation, and to minimize any
friction that might occur during the test.

G-clamps, timber wedges under the walls as well as timber blocks packed between the
walls and the supporting frame were utilised to prevent movement of the vertical walls.
The interior dimensions of the test box were thoroughly checked in order to ensure that
the volume of specimen was correct. A 25 mm thick rubber mat with a reported modulus
of 100 MPa was then laid in the bottom of the box to simulate the resiliency of a good
subgrade. Once the heights of 150 mm and 450 mm were marked on the box walls,
preparation of specimens could proceed.

5.3.5.2 Preparation of Specimens
a. Preparation of Sub-ballast Layer
Preparation of specimen commenced with preparation of the material to be used for the
sub-ballast layer. The sub-ballast material was supplied from Bombo quarry and was
associated with the particle size distribution presented in Fig. 71. Prior to testing, the
sub-ballast material was subjected to a series of characteristic tests to facilitate
classification of the material, the results of which are summarized in Table 15.
Accordingly, the sub-ballast material could be classified as gravelly sand with traces of
low plasticity silt. Compaction tests showed that a maximum dry density of 2.02 t/m3
was achieved at the optimum moisture content (OMC) of 11.3%.

The true triaxial tests program was designed for the ideal track conditions, i.e. the
specimens were prepared in dry conditions. Therefore, the CBR tests on sub-ballast
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SRA specifications
(TS 3422 - 89)
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Capping
60

40
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SRA = State Rail Autrority of
New Sout Wales, Australia
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Figure 71. Particle size distribution of material used as sub-ballast during
prismoidal triaxial test

Table 15. Characteristic properties of sub-ballast material
Characteristic test results
Liquid limit (%)
Plastic limit (%)
Plasticity index
Linear shrinkage (%)
CBR (dry conditions)

Test value
12
16
4
1.5
62

TS 3422-89
<30
<20
<4-10
<3
>50

specimens were performed on specimens prepared at their OMC. This explains the
relatively larger CBR value for the soil classification.

The required quantity of dry sub-ballast layer was estimated from the aimed maximum
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dry density, optimum moisture content and the estimated volume that the capping
material would fill in the test box. The dry sub-ballast and the required quantity of water
were combined in a concrete mixer and thoroughly mixed for 10 minutes to ensure
material homogeneity. Once the sub-ballast was removed from the mixer, taking care to
minimize any material loss, and water evaporation it was placed in covered containers
and left to cure for two days. Quantities of sub-ballast were placed inside the box in lifts
of 50 mm. A square plate (100x100 mm) was attached to a rotary jackhammer (Kanga627) that was used to provide the required compactive effort through a rubber mat (Fig.
72). This procedure facilitated a uniform distribution of the compactive effort with depth
and an even surface of the capping layer.

It was decided that the ballast and sub-ballast layer should be separated so both the fines
produced during the degradation of ballast could be collected and the attrition of subballast layer eliminated. Therefore, when the 150 mm height was reached, a thin layer of
geotextile was placed on top of the sub-ballast layer (Fig. 73).

b. Preparation of Ballast Layer
Prior to placement of the load bearing ballast layer, a load cell was positioned on top of
the sub-ballast layer under the point of application of the load (Fig. 74). Then settlement
devices (50x50x3 mm plates and a 10 mm diameter, 200 or 500 mm long rod welded in
the middle of the plate) were placed on top of the sub-ballast layer at designated points
on the grid, as described in Section 4.2.3.5. Readings of the settlement devices were
taken in order to determine any settlement of the sub-ballast layer during placement of
the ballast material. Subsequently, the air-dried load bearing ballast was placed in lifts of
60-70 mm and compacted in a manner similar to the
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Figure 72. Compaction of sub-ballast layer

Figure 73. Geofabric insertion at ballast/sub-ballast interface
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Figure 74. Installation of the settlement devices and the load cell at ballast/subballast interface

sub-ballast layer, in order to achieve the designated unit weight. However, due to the
presence of the settlement devices, the large rubber mat could not be used, and therefore,
the plate attached to the jackhammer was provided with a rubber pad in order to
minimize particle breakage during compaction. Once the 450 mm mark on the walls was
reached, a load cell was placed on top of the load bearing ballast (Fig. 75) and a
geofabric insert was positioned to separate the load bearing ballast from the crib ballast.
This enabled the determination of the degradation associated with the structural ballast
only.

A second set of settlement devices were positioned at the sleeper/ballast interface and the
second set of readings were collected from all settlement devices in order to establish any
sub-ballast deformation associated with the installation of ballast layers.
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Figure 75. Installation of the load cell at the interface sleeper/load bearing ballast

After this, the sleeper segment (685 mm long) was positioned in the middle of the set-up.
In order to eliminate damage to the timber sleeper during loading, a rail segment (BHPAS60) and a rail plate were attached to the sleeper segment at its mid-length. Another
check was carried out on the embedded settlement point, following which the crib ballast
was placed and compacted using the same procedure in order to attain the designated unit
weight (Fig. 76). The estimated moisture content of ballast material (fresh and recycled)
for gradations A, F and G was less than 1%. Care was taken to ensure an even surface of
the crib ballast by manually arranging the grains.

The grid points designated for

monitoring the displacement of the crib ballast were marked on the ballast grains. The
characteristics of specimens used in the prismoidal triaxial test are summarized in Table
16. Once the preparation of the specimen was completed, a series of readings were taken
on the designated grid (including the top of rail segment) to be used in the correction of
specimen settlement at various depths. All vernier calipers and
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Figure 76. Prepared specimen ready for testing

Table 16. Characteristics of ballast specimens used during prismoidal triaxial tests
Gradation

A

F
G

Dry unit
weight
(kN/m3)
16.3

No. of Maximum
Density
Void ratio
load applied
tests
index
(kN)
95
0.66
4
25

16.1

90

0.68

1

25,30

16.2

93

0.67

2

30

16.7
16.4
16.3

94
92
90

0.64
0.66
0.67

1
2
1

25
25
30

Number of
load cycles
50000,
100000,
500000,
1000000
500000
1000000

dial gauges were then positioned, and the load cells were connected to the strain meters
and switched on to warm up for at least one hour prior to testing (Fig. 77).

5.3.5.3 Test Procedure
a. Consolidation Stage
After switching on the hydraulic power unit and Dartec control board, the dynamic
actuator was brought into contact with the rail segment. Subsequently, the hydraulic
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Figure 77. Instrumentation used to monitor all load cells during test development

pump and hand pump were used to apply the designated confining pressure.

The

effective lateral stresses (σ2′ and σ3′) are related to the axle train load, the restraint
provided by the sleepers and the self-weight of shoulders and crib ballast. For the
purpose of the present tests, it was considered that the minor principal stress (σ3′, applied
on E and W walls) is generated by the self-weight of ballast at the shoulders and adjacent
crib, and the intermediate principal stress (σ2′, applied on N and S walls) was provided
by the self-weight of crib ballast and additional transient stress between the sleepers.
Loads applied to simulate this confinement were 10 kN on the N and S walls and 2.5 kN
on E and W walls, respectively.

Following the application of confining pressure, all G-clamps, timber blocks and wedges
were removed to enable the movement of vertical walls. Once the recording of all load
cells was checked and the applied load adjusted as required, an axial force was applied to
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the rail segment to produce a sleeper/ballast pressure in the order of 30 kPa. The
specimen was left under these confinement conditions for 48 hours, care being taken to
measure any deformation and to adjust the load as required at two-hourly intervals (Fig.
78).

b. Loading Stage
Based on the considerations discussed in Section 2.4.7, the test program was formulated
to determine the effect of the load amplitude and the number of load cycles on the
behaviour of latite basalt. The maximum load was selected in order to give the same
maximum sleeper-ballast contact pressure as that in a well maintained mainline track
subjected to axle loads of 25 and 30 tonnes. As discussed in Section 4.2.3.3.c these
loads translated to 73 kN and 88 kN, respectively, in the laboratory. The total number of
cycles (up to one million) and the dynamic amplification (Section 2.2.2.4) were
consistent with typical rail traffic of 60 MGT and for train speeds of 80 km/h under
favourable track conditions. The effective sleeper length that carries the wheel design
load is that given by Clarke (1957) for timber sleepers. It was decided to conduct the
tests at a low frequency (15 Hz) equivalent to 1.5 m the distance between the wheels of
common rolling stock bogies and the assumed train speed. The system was set to cycle
the load between the assumed maximum amplitude and a minimum setting load of 10 kN
to allow for the self weight of superstructure.

For the first cycle of loading, the axial load was applied to the maximum amplitude and
maintained while all data was collected. Then the load was reduced to the minimum
value. Once another set of data was collected, the system was set to run for 9 cycles and
stop. The procedure of the first cycle was repeated, following which the system was
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Figure 78. Specimen during consolidation stage

again set to run for a predetermined number of cycles and stopped for collecting another
set of data.

This procedure was repeated several times allowing in this way

determination of the variation of settlement, lateral flow and the resilient modulus with
the number of cycles. During the test, care was taken to carefully monitor and adjust
when necessary the applied load on the vertical walls.

As specified earlier in Table 16, the number of cycles to which the specimens were
subjected to varied, in order to establish a relationship between the breakage index, the
number of cycles and the load amplitude. On completion of the number of cycles
predetermined for each test, the specimen was removed from the box, care being taken to
separate the crib ballast from the load bearing ballast, then it was sieved in order to
estimated its breakage index. Subsequently, the ballast specimen was discarded, but the
sub-ballast material was reused, as no significant degradation was evident.
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5.4 CONCLUDING REMARKS AND RELEVANCE TO CURRENT
RESEARCH
A proper evaluation of the behaviour of railway ballast requires that the specimens be
prepared to the particle size representative to the field conditions. Furthermore, a good
estimate of the construction potential of the recycled ballast implied that both ‘fresh’ and
recycled ballast be subjected to the same testing program to enable valid comparison.
Nevertheless, besides the stress-strain and deformation characteristics of railway ballast,
the particles breakage is an important aspect of ballast behaviour. Therefore, this aspect
was investigated for both test specimens and ballast samples supplied from the field.
This enables the prediction of the ballast life in the field and a good forecast of the
maintenance cycles.

The testing program was selected to provide enough information to enable proper
definition of the stress-strain, deformation and degradation characteristics of railway
ballast. Therefore, the deformation and degradation behaviour of ballast during the onedimensional compression is investigated for both constant and variable increment of
loading to enable evaluating the effect of varied traffic load on deformation and
degradation.

Both compacted and uncompacted specimens as well as the flooding

condition are also considered so the effect of degree of compaction and that of poor
drainage on some railway tracks is accounted for. The effect of load repetition on the
compression and crushing characteristics needs to be studied. During the cylindrical
triaxial test the effect of increasing the confinement on the boundaries of specimens on
the stress-stain and degradation behaviour of ballast is examined for both drained and
undrained condition.

Furthermore, the load repetition is accounted for on both

degradation and stress-strain characteristics of railway ballast. It is important to evaluate
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the effect of grains shape on the overall behaviour of ballast layer, with emphasis on the
lateral flow and breakage extent, so the construction potential of recycled ballast is
assessed. These aspects are further investigated during the true triaxial testing. In
addition the effect of load intensity and number of cycles of loading on the deformation
and degradation characteristics of both ‘fresh’ and recycled ballast are studied. This
testing program enables better formulation and calibration of a constitutive model for
railway ballast.
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CHAPTER 6
DEGRADATION CHARACTERISTICS OF
BALLAST IN THE FIELD
6.1 INTRODUCTION
Prior to starting the monotonic and dynamic tests program required for the evaluation of
behaviour of both ‘fresh’ and recycled ballast the degradation characteristics of in
service ballast was investigated. The sequence in the research program was imposed by
the Rail Infrastructure Corporation NSW (RIC), which supplied the ballast samples
from the field. Hence, this Chapter presents first a discussion on the ballast fouling
characteristics of field samples.

Then a new fouling index is proposed and the

classification criteria for ballast fouling are defined. The Chapter concludes with a
discussion on the method used in the prediction of ballast life and the forecast of the
cycles of ballast maintenance. The data and discussion presented in this Chapter was
recently published (Ionescu, 2004).
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6.2 EVALUATION OF DEGRADATION OF BALLAST SAMPLES
FROM THE FIELD
Twenty five locations were identified as problematic spots on both metropolitan and
country railway lines.

From these locations, 84 field samples were collected and

subjected to mechanical sieving. The particle size distribution (PSD) curves of selected
field samples are presented in Fig. 79 viz the PSD of clean/fresh ballast. It should be
noted that fresh ballast supplied from Bombo (latite basalt) has a coarser gradation
plotting toward the upper boundary of ballast specifications, whereas that supplied from
Martin Creek (andesite) traces towards the lower boundary of recommended gradation.
The analysis of these results revealed that the ballast underwent considerable
degradation while in service which is evident in Fig. 79. Using the minimum grain size
specified in Australia and NSW (AS-2758.7, 1996; TS 3402, 1983), the amount of
grains finer than 13.2 mm varied from 0.2% for clean ballast to over 40% for highly
fouled ballast. A summary of the results of sieve analysis on all supplied field samples
is given in Table 17.

It was also observed that at few sites (Belmore, Canterbury, East Hills, Punchbowl and
Shellharbour) there was a significant variation in the amount of fouling fines recorded
for different test pits of the same site. This is the case for specimens from Belmore-TP1,
Belmore-TP5, Canterbury-TP6, East Hills-TP3, Punchbowl-TP1 and Shellharbour-TP2
as clearly presented in Fig. 79. On further visual examination of fouling fines (< 13.2
mm) it was revealed that the fouling material comprised not only of crushed ballast
grains, but also a fair amount of contaminating fines from subballast/subgrade,
fragments of timber/concrete sleepers, coal spill from wagons and air/water born debris
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100

RIC specifications (TS 3402-01)

Belmore TP1
Belmore TP2
Belmore TP5
Cambelltown TP3
Canterbury TP1
Canterbury TP5
Canterbury TP6
Chester Hill TP2
Dapto TP1
East Hills TP1
East Hills TP3
Kembla Grange TP1
Kiama TP1
Punchbowl TP1
Punchbowl TP2
Schofields TP1
Shellharbour TP1
Tahmoor TP11
Wentworth Falls bc
Bombo SS1
Martins Creek

% Passing

80
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0
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Note: TP = test pit
bc = before ballast cleaning
SS = silo sample

Figure 79. Representative particle size distribution for field samples
(Ionescu, 2004)

as earlier reported by Selig (1985) and Meeker (1990).

Chrismer (1985) and Selig and Waters (1994) suggested that the fouling fines
originating from wagon spillage and the air/water born impurities would affect longer
sections of track, resulting in more consistent PSD curves for samples sourced from
different test pits of the same site. However, the infiltration of fines from
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Table 17. Summary of the results from sieve analysis tests on ballast from the problematic sites
CRT NO
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

LINE
CENTRAL COAST & NEWCASTLE

SUTHERLAND

BANKSTOWN

BLUE MOUNTAINS
BLUE MOUNTAINS
SOUTHERN HIGHLANDS

BANKSTOWN

INNER WEST

CENTRAL COAST & NEWCASTLE

SOUTH COAST
AIRPORT & EAST HILLS

INNER WEST
AIRPORT & EAST HILLS
CENTRAL COAST & NEWCASTLE

SOUTH COAST

LOCATION

D10

D15

D20

D30

D50

D60

D85

D90

D95

Dekv

AWABA TP1
AWABA TP2
AWABA TP3
BANKSIA TP10
BANKSIA TP14
BANKSIA TP18
BELMORE TP1
BELMORE TP2
BELMORE TP3
BELMORE TP4
BELMORE TP5
BELMORE TP6
BLAXLAND
BULLABURRA
CAMPBELLTOWN TP1
CAMPBELLTOWN TP2
CAMPBELLTOWN TP3
CANTERBURY TP1
CANTERBURY TP2
CANTERBURY TP3
CANTERBURY TP4
CANTERBURY TP5
CANTERBURY TP6
CHESTER HILL TP1
CHESTER HILL TP2
CHESTER HILL TP3
COWAN TP1
COWAN TP2
COWAN TP3
COWAN TP4
COWAN TP5
COWAN TP6
DAPTO TP1
EAST HILLS TP1
EAST HILLS TP2
EAST HILLS TP3
FLEMINGTON - NORTH END
GLENFIELD UNDERBRIDGE
GOSFORD TP1
GOSFORD TP2
GOSFORD TP3
GOSFORD YARD TP1
GOSFORD YARD TP2
GOSFORD YARD TP3
KEMBLA GRANGE TP1
KIAMA TP1

8.39
6.13
1.83
7.00
20.50
5.20
4.03
22.42
26.86
20.24
5.32
17.74
36.37
16.37
5.32
17.74
18.07
0.80
0.32
2.74
0.80
0.30
0.20
13.83
16.86
20.27
26.14
30.11
18.94
19.51
22.16
19.51
0.36
10.99
14.58
0.02
19.14
22.44
31.53
27.90
28.98
14.87
16.29
14.39
0.83
0.68

12.34
11.37
5.16
15.00
24.30
16.00
7.82
25.32
29.19
22.42
10.81
21.37
39.11
11.94
10.81
21.37
23.31
1.77
1.45
5.65
3.23
0.67
0.39
19.13
20.08
22.73
26.33
32.58
23.86
22.92
25.57
22.92
1.00
14.96
17.80
0.52
22.29
25.00
35.32
29.84
31.44
19.13
19.51
17.15
2.04
1.57

14.60
14.68
14.76
20.00
27.30
21.00
11.29
27.58
31.45
24.68
15.81
24.36
41.05
24.68
15.81
24.36
26.94
3.63
6.21
9.27
6.21
1.69
0.81
21.02
22.16
25.19
30.02
34.94
27.46
26.52
28.41
26.52
1.64
18.18
19.89
10.04
25.29
27.08
38.39
31.61
33.71
20.83
24.34
19.75
3.01
2.64

18.71
19.68
23.71
25.50
30.70
27.30
12.98
30.48
35.89
28.95
21.77
28.87
44.52
29.19
21.77
28.87
30.97
9.19
15.65
17.18
12.90
6.61
3.23
24.62
26.52
28.60
33.90
39.21
32.20
30.49
33.71
30.49
4.06
22.54
23.49
18.94
29.14
30.02
41.45
35.32
38.26
24.81
28.79
24.23
5.59
5.36

24.52
26.77
33.71
34.00
38.00
35.70
24.92
36.45
42.42
37.42
30.00
36.13
51.13
35.97
30.00
36.13
39.44
21.45
26.13
27.10
22.90
19.19
15.65
31.82
34.09
34.56
41.48
45.46
41.29
38.83
42.24
38.83
12.03
30.87
31.63
29.36
35.86
35.99
47.26
42.90
44.70
33.33
35.42
32.48
13.66
9.43

28.07
31.94
38.23
38.30
41.80
40.20
29.52
40.00
45.48
41.94
33.71
40.00
54.36
40.00
33.71
40.00
43.71
26.29
30.65
30.16
26.94
25.32
22.42
35.42
38.26
37.50
45.46
48.67
45.83
42.99
46.02
42.99
16.88
34.85
36.17
34.85
39.71
39.39
50.32
46.77
47.92
37.88
39.21
36.43
17.31
12.57

43.39
46.21
49.63
49.20
51.00
51.30
44.44
49.68
52.98
53.23
40.81
50.65
60.40
50.48
40.81
50.65
54.84
35.97
44.36
38.07
37.74
40.81
43.87
48.86
49.34
49.62
55.49
57.29
56.82
53.98
56.06
53.98
32.03
49.62
49.62
48.30
50.29
48.96
57.58
55.68
57.01
48.96
49.81
48.19
29.68
30.71

46.94
49.36
52.00
51.50
53.70
54.05
48.39
51.77
55.81
56.61
50.08
52.74
61.61
52.58
50.16
52.74
57.90
37.90
48.07
43.31
43.47
45.65
47.42
51.89
51.71
52.08
57.96
59.09
58.71
56.82
58.14
56.82
35.63
53.03
52.08
50.57
52.29
50.57
60.32
59.19
58.90
51.14
51.89
50.57
35.10
33.86

50.48
52.42
56.68
57.10
57.50
60.01
52.58
53.71
59.52
60.16
53.55
57.42
62.74
57.58
53.55
57.42
59.75
45.48
51.45
48.55
50.32
50.16
51.45
54.17
56.44
60.04
60.61
60.61
60.61
60.04
60.61
60.04
42.19
57.95
57.01
53.98
57.71
53.03
62.02
61.45
60.61
53.98
55.68
52.95
42.15
37.29

26.61
27.42
29.18
30.83
37.40
31.65
25.78
36.88
41.69
38.09
28.47
35.54
49.70
34.97
28.49
35.54
38.47
20.05
24.84
24.38
22.39
21.71
21.09
32.51
34.22
35.64
41.86
44.89
39.65
38.38
40.85
38.38
16.01
31.63
32.77
26.65
35.76
36.33
46.37
43.33
44.19
33.11
34.53
32.48
16.53
14.66
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

BANKSTOWN

RICHMOND
INNER WEST

SOUTH COAST

SOUTHERN HIGHLANDS

BLUE MOUNTAINS

CUMBERLAND

Degradation characteristics of ballast in the field

KIAMA TP2
KIAMA TP3
PUNCHBOWL TP1
PUNCHBOWL TP2
PUNCHBOWL TP3
PUNCHBOWL TP4
PUNCHBOWL TP5
PUNCHBOWL TP6
PUNCHBOWL TP7
PUNCHBOWL TP8
PUNCHBOWL TP9
SCHOFIELDS TP1
SCHOFIELDS TP2
SEFTON JUNCTION TP1
SEFTON JUNCTION TP2
SEFTON JUNCTION TP3
SEFTON TP1
SEFTON TP2
SEFTON TP3
SHELLHARBOUR TP1
SHELLHARBOUR TP2
SHELLHARBOUR TP3
TAHMOOR TP3
TAHMOOR TP6
TAHMOOR TP9
TAHMOOR TP11
TAHMOOR TP13
TAHMOOR TP15
TAHMOOR TP17
TAHMOOR TP19
TAHMOOR TP21
TERALBA TP1
TERALBA TP2
TERALBA TP3
WENTWORTH FALLS bc
WENTWORTH FALLS ac
WENTWORTH FALLS sp
YENNORA TP1

26.86
21.00
1.14
1.14
1.43
28.71
1.86
23.29
4.40
1.14
4.97
0.51
0.51
26.29
24.00
19.14
15.20
19.70
16.00
0.22
0.30
0.94
16.80
15.00
20.00
26.00
17.60
17.60
11.60
14.20
22.00
15.40
24.40
4.20
0.02
26.42
0.10
19.62

29.43
25.43
4.86
2.43
3.14
32.29
4.14
27.14
7.83
2.64
7.86
1.57
2.36
28.07
27.14
22.64
19.20
21.80
19.20
0.45
0.43
3.10
20.60
19.20
23.00
28.00
20.80
20.00
16.80
17.30
24.60
19.20
27.40
7.20
0.42
30.57
0.47
22.08

31.86
27.86
8.71
4.71
5.21
35.71
7.14
30.00
11.25
7.29
10.71
2.86
4.71
29.57
29.43
26.00
21.20
24.00
20.20
1.05
1.25
5.10
23.60
21.20
26.00
29.80
23.00
21.80
20.60
20.10
27.00
21.60
29.70
10.90
10.94
32.55
1.04
24.72

218

36.71
32.14
13.57
12.07
11.14
40.00
13.14
36.00
17.35
12.07
15.43
5.86
9.43
33.14
34.00
29.57
25.80
27.80
22.50
3.65
4.75
10.05
28.60
25.80
29.00
33.60
27.40
25.20
25.70
24.40
29.80
26.60
34.20
15.40
20.76
36.98
6.60
28.77

42.43
39.86
21.71
22.57
20.93
47.00
23.25
45.57
26.71
26.60
23.29
12.29
19.86
40.14
41.00
36.57
33.40
34.60
28.00
15.25
15.20
18.10
36.60
33.80
34.60
40.80
34.60
33.30
33.00
32.50
35.30
33.40
41.40
23.30
31.51
42.45
22.26
34.91

45.14
43.00
24.86
26.86
24.86
50.57
27.25
50.00
29.71
29.70
27.43
16.57
24.57
44.00
44.00
40.29
37.60
38.40
32.20
21.62
21.50
23.75
40.40
37.60
37.20
44.40
37.60
37.60
36.40
36.60
38.80
37.00
44.40
27.60
34.34
45.28
26.79
40.19

52.00
51.36
36.14
40.43
38.57
58.29
42.16
58.29
37.50
40.43
42.57
33.00
37.29
54.14
51.43
49.43
50.00
48.80
46.40
41.25
41.50
35.00
50.40
50.50
47.00
53.70
54.00
54.00
48.00
51.00
53.20
50.00
51.80
42.80
47.36
52.08
36.60
51.04

54.43
53.14
41.00
45.43
44.00
59.71
46.75
59.71
43.95
45.43
47.28
37.29
43.00
57.00
53.14
51.29
53.00
51.00
50.00
45.40
45.46
37.14
52.20
53.00
49.00
56.80
56.60
58.60
50.40
56.20
57.60
52.60
53.40
47.30
48.70
52.41
39.82
52.70

58.57
58.14
48.57
50.43
49.57
61.14
51.14
61.14
49.57
50.43
51.43
46.14
48.57
59.86
58.14
54.57
57.60
53.20
54.50
49.70
49.60
45.50
56.60
57.70
50.90
60.00
60.00
63.20
52.80
65.80
62.00
57.60
58.20
51.80
51.98
57.92
47.22
58.49

41.24
38.00
21.29
23.05
22.12
45.14
23.95
42.86
25.02
24.39
25.18
16.69
21.12
41.14
39.38
35.67
33.87
35.10
31.33
20.29
20.32
18.73
35.20
33.93
34.53
41.20
36.27
36.50
31.67
34.30
38.30
33.80
39.73
24.93
26.74
40.43
20.73
35.74
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subballast/subgrade due to pumping effect and the contamination with sleeper
fragments would have a more localized effect, as was the case with the ballast
specimens supplied from Belmore-TP1, Belmore-TP5, Canterbury-TP6, East Hills-TP3,
Punchbowl-TP1 and Shellharbour-TP2.

Table 18 summarizes the variation of the grain size characteristics of field samples viz
those of freshly supplied ballast.

The variation of the gradation characteristic

parameters (Cu and Cc) together with the average particle size Dekv and modulus of
grading A are presented for comparison. It should be noted that independent of ballast
type, the maximum particle size showed little variation whereas, the reduction of the
effective diameter is significant as clearly presented in Fig. 80. Furthermore, it was
observed that the amount of grains finer than 0.075 and 13.2 mm for highly fouled
ballast increased to more than 5% and 40%, respectively.

6.3 CLASSIFICATION CRITERIA FOR BALLAST FOULING
The accumulation of fines in the ballast layer voids had a direct effect on its draining
properties as proved by a series of constant head permeability tests performed on ballast
samples collected from Belmore, Canterbury, East Hills, Punchbowl and Shellharbour.
The content in fines (< 2 mm) of these samples was between 10% and 27%. In order to
evaluate the coefficient of permeability of the contaminant material all particles smaller
than 13.2 mm were removed from the supplied samples and used to prepare the
permeability specimens.

The measured coefficient of permeability (k) of fouling

material varied from 1.22 x 10-6 m/s to 8.09 x 10-6 m/s. O’Reilly and Brown (1991)
reporting work by Parson showed that k of railway ballast reduced as much as 100 times
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Table 18. Variation of the grain size characteristics of railway ballast during in
service life (modified after Ionescu, 2004)
Parameter D10 D30 D50 D60 D90 Dmax Dekv P0.075 P13.2
Ballast type

Cu

1.0 0.82

<0.83 <9.43 <22.3<26.8 <47.4<63.0<23.5 >5.0 >40.0 >32.3 >4.0 >3.28

1.4
D10i/D10f
D15i/D15f
D20i/D20f
D30i/D30f
D50i/D50f
D60i/D60f
D85i/D85f
D90i/D90f
D95i/D95f

1.2

Normalized diameter, (Di/Df)

A

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (%) (%)

Freshly supplied 28.2 37.5 44.2 47.8 59.5 75.0 45.9 <1.0 <1.0 1.6
Highly fouled

Cc

1.0

0.8

0.6

0.4

0.2

0.0
0.6

0.7

0.8

0.9

1.0

1.1

Normalized diameter, (D95i/D95f)
Figure 80. Variation of grains size in service (clean ballast vs field samples)
(Ionescu, 2004)
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when the voids were completely filled with up to 17% by weight fines (< 0.075 mm).
In addition, earlier reports by Raymond et al. (1976) stated that good drainage would be
insured if the coefficient of permeability of ballast is larger than 10-5 m/s. Thus,
draining capacity of ballast layer was reduced at least 10 times due to the accumulation
of fines in the ballast voids. Furthermore, in wet conditions the water and fines form a
slurry that increases the attrition rate of ballast particles especially if the ballast source
is an igneous rock (Johnson and Matharu, 1982).

Also, Janardhanam and Desai (1983) reporting observations from cyclic triaxial tests on
ballast specimens showed that for confining pressure levels characteristic to track
environment a reduction in D50 by 10 mm reduced the resilient modulus by 50%
(Section 2.4.7.3). Kolisoja (1997) reached a similar conclusion although the equivalent
diameter (Dekv) was used in the analysis. Consequently, as discussed by Ionescu (2004)
in order to ensure a ballast layer having good resilient properties the specifications for
ballast (AS 2758.7, 1996; TS 3402, 2001) recommend strict limits for P0.075 and P13.2.
Furthermore, Ionescu (2004) observed that due to the above mentioned reason, it is
realistic to use P0.075 and P13.2 in the expression of ballast fouling index as given below:

FIP = P0.075 + P13.2

(6.1)

This equation is a modification of that used by Selig (Selig and Waters, 1994) to
quantify the extent of fouling of ballast for North American tracks. However, as
mentioned in Section 2.2.3.2.b most North American railway systems use finer
gradations with particle size varying from 4.76 mm up to a maximum of 51 mm. In
consequence, the Selig’s ballast fouling index and its classification criteria applied to
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the Australian tracks condition (Dmin ≥ 13.2 mm) results in incorrect estimation of the
extent of ballast fouling, thus it is unreliable for the prediction of maintenance cycle
(Ionescu, 2004). Based on the fouling index defined in Eq. (6.1), Ionescu (2004)
identified the ballast fouling categories presented in Table 19.

Eq. (6.1) provides a reliable means to estimate the extent of ballast fouling and
reduction of drainage capacity of a ballast layer. However, Ionescu (2004) stated that it
does not directly correlate the variation of particle size to the resilient characteristics of
ballast bed. Therefore, it was suggested that using a fouling index based on the ratio

D50i/D50f or Dekvi/Dekvf would provide fouling classification criteria that directly indicate
the resilient characteristics of ballast (Ionescu, 2004).

Nevertheless, a correct

evaluation of these ratios would require precise information on the particle size
distribution of clean/’fresh’ ballast as these ratios are sensitive to small variation of
parameters (Ionescu, 2004).

Earlier it was discussed that overall field samples showed little variation in D90,
whereas, a large range of variation was recorded for the effective size D10. Therefore,
Ionescu (2004) felt that using the ratio D90/D10 as criteria for the evaluation of degree of
ballast fouling is a better alternative to D50 or Dekv. D90 and D10 are obtained from the
PSD curve of ballast supplied from the track, thus knowledge of gradation of the
supplied clean ballast it is not needed. Then, a more practical ballast fouling index has
the following expression:

FID =

D 90
D10
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Table 19. Classification criteria for fouled ballast (Ionescu, 2004)
Fouling Index

FIP = P0.075 + P13.2

<2

FID =

D 90

FI = P0.075 + P4.75

D10

(Selig and Waters, 1994)

< 2.1 and

Classification

<1

Clean

P13.2 ≤ 1.5%
2 to < 10

2.1 to < 4

1 to < 10

Moderately clean

10 to < 20

4 to < 9.5

10 to < 20

Moderately fouled

20 to < 40

9.5 to < 40

20 to < 40

Fouled

≥ 40

Highly fouled

≥ 40 and
≥ 45

P13.2 ≥ 40%,
P0.075 ≥ 5%

Ionescu (2004) defined the ballast fouling categories based on the fouling index
proposed above and they are summarized in Table 19. Large D90/D10 ratio indicates
the lack of drainage capabilities and loss of resilience of the ballast bed. In order to
ensure that the classification criteria based on Eq. (6.2) do not overestimate or
underestimate the extent of fouling two additional limits (P0.075, P13.2) were used for
highly fouled ballast (Ionescu, 2004). Filter design criteria limit the content in fines
(particles < 0.075 mm) to 5%, thereby Ionescu (2004) adopted this limit as
classification criteria. Furthermore, P13.2 ensures that the ballast is ballast-cleaned even
if P0.075 < 5% to guarantee the required ballast resiliency, hence good track performance
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(Ionescu, 2004). Classification criteria proposed in Table 19 were used to quantify the
degree of fouling of ballast from the field. The results of this analysis are given in
Table 20 viz Selig fouling factor. A good correlation was obtained for the extent of
fouling of ballast using classification criteria for Eq. (6.1) and Eq. (6.2). Overall, using
Selig’s formulae resulted in lower degree of fouling for field ballast due to lower limit
for ballast specifications, i.e. an underestimate of the degree of ballast fouling was
observed. Hence, Eq. (6.2) can be used to formulate better ballast-cleaning strategies
(Ionescu, 2004).

The limits of each class of ballast fouling proposed in Table 19 are presented
graphically in Figure 81.

D90 was estimated from the lower boundary of ballast

specifications (TS3402-01). Using data presented in Table 20 field samples were
separated in fouling classes. Within each class, the smallest value of D10 was used to
represent the upper limit of the considered ballast fouling class. Worth noting that
specimens that displayed lower k (low drainage capability) were classified as highly
fouled ballast. It should be observed that this representation clearly identify those
locations that require ballast cleaning.

6.4 PREDICTION OF BALLAST LIFE
Feldman and Nissen (2002) presented a method of estimating the ballast-cleaning
cycles for a given section of track. A similar technique was proposed by Ionescu (2004)
to predict the allowable ballast life based on the proposed fouling index.

Thus,

considering the ballast fouling index given by Eq. (6.2), the criteria presented in
Table 19, a time period since undercutting and any changes in traffic volume or type,
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Table 20. Fouling index of ballast from the problematic sites (Ionescu, 2004)
CRT
NO
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Proposed fouling index
LINE
CENTRAL COAST & NEWCASTLE

SUTHERLAND

BANKSTOWN

BLUE MOUNTAINS
BLUE MOUNTAINS
SOUTHERN HIGHLANDS

BANKSTOWN

INNER WEST

CENTRAL COAST & NEWCASTLE

SOUTH COAST
AIRPORT & EAST HILLS

INNER WEST
AIRPORT & EAST HILLS
CENTRAL COAST & NEWCASTLE

SOUTH COAST

LOCATION
AWABA TP1
AWABA TP2
AWABA TP3
BANKSIA TP10
BANKSIA TP14
BANKSIA TP18
BELMORE TP1
BELMORE TP2
BELMORE TP3
BELMORE TP4
BELMORE TP5
BELMORE TP6
BLAXLAND
BULLABURRA
CAMPBELLTOWN TP1
CAMPBELLTOWN TP2
CAMPBELLTOWN TP3
CANTERBURY TP1
CANTERBURY TP2
CANTERBURY TP3
CANTERBURY TP4
CANTERBURY TP5
CANTERBURY TP6
CHESTER HILL TP1
CHESTER HILL TP2
CHESTER HILL TP3
COWAN TP1
COWAN TP2
COWAN TP3
COWAN TP4
COWAN TP5
COWAN TP6
DAPTO TP1
EAST HILLS TP1
EAST HILLS TP2
EAST HILLS TP3
FLEMINGTON - NORTH END
GLENFIELD UNDERBRIDGE
GOSFORD TP1
GOSFORD TP2
GOSFORD TP3
GOSFORD YARD TP1
GOSFORD YARD TP2
GOSFORD YARD TP3
KEMBLA GRANGE TP1

Selig fouling index

P0.075

P13.2

FIP

Classification

D10

D90

FID

Classification

P0.075

P4.75

FI

Classification

0.30
0.70
1.50
1.02
0.63
1.98
0.80
0.40
0.20
0.20
1.40
0.50
0.00
0.49
1.60
0.40
0.70
2.91
4.10
1.80
3.10
3.50
4.95
0.60
0.30
0.40
0.40
0.20
0.70
0.60
0.40
0.60
4.16
0.50
0.40
12.50
0.30
0.40
0.00
0.20
0.10
0.40
0.49
0.30
2.72

16.45
17.20
18.70
13.96
4.78
12.90
23.20
0.70
0.40
1.80
17.10
5.80
0.00
8.37
17.10
5.80
5.80
37.23
26.60
24.80
30.60
39.90
46.80
9.30
5.20
3.40
0.70
0.20
6.60
5.80
2.30
5.80
52.39
12.10
7.30
22.60
4.31
0.70
0.20
0.40
0.30
8.09
8.37
7.81
49.24

16.75
17.90
20.20
14.98
5.41
14.88
24.00
1.10
0.60
2.00
18.50
6.30
0.00
8.86
18.70
6.20
6.50
40.14
30.70
26.60
33.70
43.40
51.75
9.90
5.50
3.80
1.10
0.40
7.30
6.40
2.70
6.40
56.55
12.60
7.70
35.10
4.61
1.10
0.20
0.60
0.40
8.49
8.86
8.11
51.96

MF
MF
F
MF
MC
MF
F
C
C
MC
MF
MC
C
MC
MF
MC
MC
F
F
F
F
F
HF
MC
MC
MC
C
C
MC
MC
MC
MC
HF
MF
MC
F
MC
C
C
C
C
MC
MC
MC
HF

8.39
6.13
1.83
7.00
20.50
5.20
4.03
22.42
26.86
20.24
5.32
17.74
36.37
16.37
5.32
17.74
18.07
0.80
0.32
2.74
0.80
0.30
0.20
13.83
16.86
20.27
26.14
30.11
18.94
19.51
22.16
19.51
0.36
10.99
14.58
0.02
19.14
22.44
31.53
27.90
28.98
14.87
16.29
14.39
0.83

46.94
49.36
52.00
51.50
53.70
54.05
48.39
51.77
55.81
56.61
50.08
52.74
61.61
52.58
50.16
52.74
57.90
37.90
48.07
43.31
43.47
45.65
47.42
51.89
51.71
52.08
57.96
59.09
58.71
56.82
58.14
56.82
35.63
53.03
52.08
50.57
52.29
50.57
60.32
59.19
58.90
51.14
51.89
50.57
35.10

5.6
8.1
28.5
7.4
2.6
10.4
12.0
2.3
2.1
2.8
9.4
3.0
1.7
3.2
9.4
3.0
3.2
47.6
148.8
15.8
54.6
154.7
241.9
3.8
3.1
2.6
2.2
2.0
3.1
2.9
2.6
2.9
98.1
4.8
3.6
2528.4
2.7
2.3
1.9
2.1
2.0
3.4
3.2
3.5
42.2

MF
MF
F
MF
MC
F
F
C
C
MC
MF
MC
C
MC
MF
MC
MC
F
F
F
F
F
HF
MC
MC
MC
C
C
MC
MC
MC
MC
HF
MF
MC
F
MC
C
C
C
C
MC
MC
MC
HF

0.30
0.70
1.50
1.02
0.63
1.98
0.80
0.40
0.20
0.20
1.40
0.50
0.00
0.49
1.60
0.40
0.70
2.91
4.10
1.80
3.10
3.50
4.95
0.60
0.30
0.40
0.40
0.20
0.70
0.60
0.40
0.60
4.16
0.50
0.40
12.50
0.30
0.40
0.00
0.20
0.10
0.40
0.49
0.30
2.72

5.80
8.80
14.80
8.67
3.41
9.67
11.20
0.40
0.20
0.90
9.10
2.70
0.00
6.46
9.50
2.50
3.60
22.73
18.70
13.80
17.80
26.90
34.10
5.10
1.60
1.70
0.40
0.20
4.70
3.60
1.50
3.60
32.05
4.60
2.10
16.80
1.99
0.40
0.10
0.20
0.15
4.59
6.46
2.73
27.92

6.1
9.5
16.3
9.7
4.0
11.7
12.0
0.8
0.4
1.1
10.5
3.2
0.0
7.0
11.1
2.9
4.3
25.6
22.8
15.6
20.9
30.4
39.1
5.7
1.9
2.1
0.8
0.4
5.4
4.2
1.9
4.2
36.2
5.1
2.5
29.3
2.3
0.8
0.1
0.4
0.3
5.0
7.0
3.0
30.6

MC
MC
MF
MC
MC
MF
MF
C
C
MC
MF
MC
C
MC
MF
MC
MC
F
F
MF
F
F
F
MC
MC
MC
C
C
MC
MC
MC
MC
F
MC
MC
F
MC
C
C
C
C
MC
MC
MC
F
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
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BANKSTOWN

RICHMOND
INNER WEST

SOUTH COAST

SOUTHERN HIGHLANDS

BLUE MOUNTAINS

CUMBERLAND

Notations:

KIAMA TP1
KIAMA TP2
KIAMA TP3
PUNCHBOWL TP1
PUNCHBOWL TP2
PUNCHBOWL TP3
PUNCHBOWL TP4
PUNCHBOWL TP5
PUNCHBOWL TP6
PUNCHBOWL TP7
PUNCHBOWL TP8
PUNCHBOWL TP9
SCHOFIELDS TP1
SCHOFIELDS TP2
SEFTON JUNCTION TP1
SEFTON JUNCTION TP2
SEFTON JUNCTION TP3
SEFTON TP1
SEFTON TP2
SEFTON TP3
SHELLHARBOUR TP1
SHELLHARBOUR TP2
SHELLHARBOUR TP3
TAHMOOR TP3
TAHMOOR TP6
TAHMOOR TP9
TAHMOOR TP11
TAHMOOR TP13
TAHMOOR TP15
TAHMOOR TP17
TAHMOOR TP19
TAHMOOR TP21
TERALBA TP1
TERALBA TP2
TERALBA TP3
WENTWORTH FALLS bc
WENTWORTH FALLS ac
WENTWORTH FALLS sp
YENNORA TP1

2.40
0.40
0.40
7.30
2.90
1.60
0.40
1.10
0.40
2.55
2.80
0.90
5.40
5.90
0.40
0.30
0.40
1.60
0.50
1.10
9.60
2.20
2.48
0.80
0.80
0.77
0.50
0.60
0.50
0.80
0.50
0.40
1.20
0.10
0.90
12.30
3.13
9.45
0.30

61.40
0.80
4.00
28.60
31.40
33.00
1.20
30.00
2.20
22.80
31.40
23.90
52.30
37.00
1.40
1.30
4.80
6.90
2.70
5.70
46.80
46.80
37.37
6.50
7.69
3.97
2.00
5.70
4.80
11.00
8.50
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36.24
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33.95
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C
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F
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MC
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C
F
F
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21.00
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26.42
0.10
19.62

C = clean ballast; MC = moderately clean ballast; MF = moderately fouled ballast; F = fouled ballast; HF = highly fouled ballast;

226

33.86
54.43
53.14
41.00
45.43
44.00
59.71
46.75
59.71
43.95
45.43
47.28
37.29
43.00
57.00
53.14
51.29
53.00
51.00
50.00
45.40
45.46
37.14
52.20
53.00
49.00
56.80
56.60
58.60
50.40
56.20
57.60
52.60
53.40
47.30
48.70
52.41
39.82
52.70

49.7
2.0
2.5
35.9
39.7
30.8
2.1
25.2
2.6
10.0
39.7
9.5
73.5
84.8
2.2
2.2
2.7
3.5
2.6
3.1
206.4
150.0
39.5
3.1
3.5
2.5
2.2
3.2
3.3
4.3
4.0
2.6
3.4
2.2
11.3
2435.2
2.0
382.8
2.7

HF
C
MC
F
F
F
C
F
MC
F
F
F
HF
F
C
C
MC
MC
MC
MC
HF
HF
F
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F
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RIC specifications (TS3402-01)
Range of MC Ballast
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Range of MF Ballast
Range of F Ballast

Belmore TP1
Belmore TP2
Belmore TP5
Cambelltown TP3
Canterbury TP1
Canterbury TP5
Canterbury TP6
Chester Hill TP2
Dapto TP1
East Hills TP1
East Hills TP3
Kembla Grange TP1
Kiama TP1
Punchbowl TP1
Punchbowl TP2
Schofields TP1
Shellharbour TP1
Tahmoor TP11
Wentworth Falls bc
Bombo SS1
Martins Creek
C-MC Boundary
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MF-F Boundary
F-HF Boundary
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0
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Particle size, (mm)
Note: TP = test pit
bc = before ballast cleaning
SS = silo sample

C = clean ballast
MC = moderately clean ballast
MF = moderately fouled ballast
F = fouled ballast
HF = highly fouled ballast

Figure 81. Ballast fouling categories and their range (Ionescu, 2004)
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the ballast fouling rate and the ballast-cleaning cycles could be efficiently estimated for
a track section or rail corridor (Ionescu, 2004).

Ionescu (2004) explained that this method requires thorough monitoring of ballast
fouling. A sample should be removed every two kilometers along a track section to
enable computation of an average of FID-av for the given track section. A ballast fouling
rate (FR) is then calculated by dividing the average of FID-av value by the life of ballast
(LB) since previous undercutting on the track section (Ionescu, 2004). Hence, the
ballast fouling rate expression as defined by Ionescu (2004) is:

FR =

FI D−av
LB

(6.3)

The testing program has to be completed in six year cycles for freight lines (current
frequency of ballast-cleaning cycles) to monitor the rate of fouling (Christie, 1997). A
3 years testing program would be required for track lines subjected to fouling from train
spillage. This cycle of testing ascertains if any changes in the rate of fouling are
experienced (Ionescu, 2004).

Ionescu (2004) explained that the allowable ballast life or ballast-cleaning cycle can be
then calculated by dividing the fouling limit for highly fouled ballast (FID-HF) by the
rate of ballast fouling for the given track section or rail corridor as presented below:

LBall =

FI D−HF
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This method used to predict the allowable life of ballast is based on the proposed
fouling index that accounts for both the drainage capability and resilient characteristics
of ballast layer (Ionescu, 2004). Therefore, the ballast-clean cycles are more efficiently
predicted.

6.5 CLOSURE COMMENTS
An overview of the various causes of ballast degradation and different sources of ballast
fouling was presented in this Chapter. The analysis of PSD curves of ballast from the
field showed extensive degradation. The proportion of contaminant material (< 13.2
mm) was larger than 40% by weight for highly fouled ballast. The fouling material also
contained more than 5% by weight particle of clay/silt size indicating migration of fines
from subgrade.

Furthermore, it was observed that the effective size D10 of ballast suffered the largest
variation under load, whereas D90 was subjected to minimal variation under load. The
proposed ballast fouling classification criteria were based on the variation of D90/D10
ratio with the degree of fouling. This new fouling index does not require knowledge of
gradation of supplied clean/fresh ballast. It gives good estimate of the extent of ballast
fouling, thus of drainage capability and resilient characteristics of ballast layer.

It was also shown that the proposed ballast fouling index together with the classification
criteria could be used to estimate both the rate of fouling and the allowable ballast life
of a given railway track section. The presented method requires a thorough monitoring
of degree of fouling along the track to effectively predict the ballast-cleaning cycles.
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CHAPTER 7
RESULTS OF MONOTONIC AND
REPEATED LOADING TESTS PRESENTATION AND DISCUSSION
7.1 INTRODUCTION
In this chapter the results of the 1-D compression tests are first presented.

The

deformation and degradation of dry and wet specimens of railway ballast during 1-D
consolidation are discussed for monotonic and repeated loading. The results from the
cylindrical triaxial tests for both ‘fresh’ and recycled ballast are also presented. The
focus of discussion is on the stress-strain curves, the volumetric and axial strains during
shear, the angle of internal friction of the modelled ballast specimens and the
degradation characteristics as functions of some variable such as the particle size, the
confining stress, the draining condition, the load pattern and ballast types.

230

Chapter 7:

Results of monotonic and repeated loading tests- presentation and discussion

7.2 ONE DIMENSIONAL CONFINED COMPRESSION TESTS
This section covers the tests performed in the large-scale consolidation cell following
the tests procedure presented in Section 5.3.3.3. The results show the consolidation
trends and the deformation and degradation characteristic of fresh ballast when subjected
to monotonic and repeated loading. The changes caused by the degree of compaction,
degree of saturation and the load pattern on the behaviour of ballast were identified.
Some of the findings presented in the following sections have been already reported
elsewhere (Ionescu et al., 1996; Indraratna et al., 1997; Indraratna et al., 1998(a);
Indraratna and Ionescu, 1999; Indraratna et al., 2000).

7.2.1 Incremental Loading of Dry Specimens
In the first type of tests, loading was applied in 100 kPa increments. The axial stresssettlement-time curves for uncompacted and compacted specimens are presented in
Figure 82. It could be observed that independent of degree of compaction, each load
increment was followed by an immediate settlement of which magnitude decreased with
each load application. The initial rapid deformation is the result of the instantaneous
packing following each load application, a behaviour reported by several researchers for
other granular media (Kjærnsli and Sande, 1963; Marsal, 1967; Valstand and Strom,
1976; Parkin and Adikari, 1981; Lee, 1986). The settlement – log time curves for each
load increment presented in Figure 83 show that the additional settlements were
accumulating at a decreasing rate. With the maximum load maintained for up to 24
hours, a creep deformation was observed on all specimens, independent of initial
density. However, this deformation was much larger for the uncompacted specimens
(2.7 mm, i.e. 3.2 μm/min). Figure 82 shows that the maximum settlement (eg. at t =
1440 min) was 18.7 mm for the uncompacted ballast, whereas for the compacted
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Figure 82. Representative applied stress-settlement-time curves for static 1D compression tests with constant stress increments on dry latite ballast (after
Ionescu et al., 1996 and Indraratna et al., 1997)

specimens was 6.2 mm. These settlement values corresponded to a reduction in porosity
of 2.5 % for uncompacted specimens and 0.9 % for the compacted specimens,
respectively. Upon unloading, a rebound of 3.9 mm was observed for the uncompacted
specimens. The compacted ballast, showed a smaller rebound (1.3 mm).

In the second type of tests, as the initial load of 500 kPa was applied, a sudden
settlement of the specimens was observed, caused by the particles packing (Fig. 84). As
expected, this volume reduction was more pronounced for the uncompacted ballast.
Application of stress increments of 50 kPa produced further compression. The total
settlement was 20.8 mm for the uncompacted ballast, in comparison with 7.4 mm
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Figure 83. Time-settlement curves for each load increment during the 1Dcompression with constant load increments

measured for the compacted specimens (Fig. 84). These settlements corresponded to a
porosity reductions of 2.8% for uncompacted specimens and 1.1% for compacted
specimens, respectively. With the maximum load maintained for up to 24 hours, very
little creep deformation was recorded in both loose and dense specimens.

Upon

unloading, 4.7 mm of rebound was observed for the uncompacted specimens, whereas
the rebound measured for the compacted ballast, was 1.7 mm.

The settlement curves for each loading increment of VLI compression tests are
presented in Figure 85. From Figs. 83 and 85 it was observed that the shape of some of
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Figure 84. Representative applied stress-settlement-time curves for static 1D compression tests with variable stress increments on dry latite ballast (after
Ionescu et al., 1996 and Indraratna et al., 1997)

these curves in the interval 0.1 min ≤ t ≤ 4 min look like that of a diffusion process. In
addition, for t > 4 min the settlement seems to be a linear function of log t for most load
increments. However, a careful examination of this stage, showed that it is the result of
subsequent diffusion processes of smaller magnitude than that for t ≤ 4 min. Marsal
(1973) reported similar observation for rockfill materials subjected to compression and
stated that this additional deformation could be due to primary crushing or breakage of
larger angular particle and the associated slide/rolling of grains towards more stable
positions.

After particle rearrangement, further loading produced much smaller

settlements. New contacts were established perhaps at this stage, between the idle
particles and the rest of specimen skeleton, hence, the secondary breakage of the former
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Figure 85. Time-settlement curves for each load increment during the 1Dcompression with variable load increments

(including smaller grains) would then be initiated.

7.2.2 Effect of Sudden Flooding
The effect of addition of water on the deformation and degradation characteristics of
fresh ballast was investigated only on a compacted specimen that was subjected to the
constant increments loading. The saturation of the specimens was started after they
were kept for up to 24 hours at the maximum axial stress of 950 kPa. Figure 86 shows
the settlement-time curves for dry and dry/wet specimens. As previously reported by
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Figure 86. Effect of sudden flooding on ballast settlement (Indraratna et al., 1997)

Indraratna et al. (1997) the lubrication of the contact point between particles upon
flooding caused a sudden settlement of the specimen (up to 2.6 mm, quite significant in
a railway track environment). Marsal (1973) reported similar behaviour for basaltic
rockfill material, with the same Dmax, however, having a broader gradation therefore, a
higher initial unit weight. For the saturated ballast, a gradual increase in deformation
was measured for the next 24 hours while the maximum axial stress was kept constant
(950 kPa).

The mechanism of rock weakening when subjected to saturation was

explained by Sowers et al. (1965), who stated that the water entering the microfissures in
the highly stressed contact points may cause a local increase in stress and additional
failure. On the other hand, Terzaghi (1960) accredited the increase of rate of rock
crushing to the softening of the mineral bonds by wetting. The resulting total settlement
was 10.1 mm in comparison to that of 6.2 mm for the dry ballast. The magnitude of
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creep deformation of saturated ballast was 3.7 mm (i.e. 2.6 μm/min), which is
considerably higher than that measured for the dry ballast with the same initial unit
weight. The additional settlement caused by flooding accounted to about 40% of the
total settlement of dry specimen. This is of practical importance in the field, because,
railway tracks are often subjected to heavy precipitation, and sometimes they encounter
partial submergence under poor drainage. Consequently, the behaviour of ballasted
foundations under sudden saturation should be considered in design in a settlement
control problem. Upon unloading (Fig. 86) the rebound measured for the flooded
specimens was 1.3 mm, qualitatively similar to that recorded for the dry ballast
specimen.

7.2.3 Stress-Strain Characteristics
The applied axial stress was corrected using the procedure described in Sections 4.3.2.1
and 4.3.2.2 and the axial stress-axial strain curves for the incremental loading
compression tests are presented in Fig. 87. During the loading stage of the CLI tests
(Fig. 87.a), independent of the initial density, at around 200 kPa axial stress an increase
in the rate of strain accumulation was observed. This is the result of breakage of sharp
edges of ballast grains at the contact points (primary breakage), thus allowing more
sliding and tighter packing of ballast particles. At around 800 kPa another change in the
curvature of stress-strain curve was observed due to fracturing of individual ballast
grains (secondary breakage). During the loading stage of the VLI tests (Fig. 87.b) the
rapid loading to 400 kPa produced high axial strains. Although some breakage would
develop during this load increment most of the axial strains are due to packing of ballast
particles. Further increase in the axial stress the rate of stress-strain variation increased
due to breakage of grains at contact points and possibly fracturing of larger particles. As
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Figure 87. Stress-strain relationship during the 1-D compression: (a) CLI
compression tests; (b) VLI compression tests (after Indraratna et al., 1997)
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in the case of CLI tests, a secondary breakage was observed at axial stress of around
800 kPa. Overall the rate of stress-strain variation was larger during loading stage and
reduced considerably on unloading. Hendron (1963), Lee and Farhoomand (1967),
Marsal (1973) and Hardin (1987) reported similar observations from tests on sand and
rockfill materials, subjected to a range of axial stresses. Upon unloading the strains that
resulted from sliding of particles and fracturing of grains were irreversible. The value of
plastic strains varied from 1.2 % to 4.0 % and the dry/saturated specimens showed
plastic strains 1 % larger than those computed for the dry specimens. These plastic
strains translate to permanent track deformations in the field.

It could be noted that independent of the initial unit weight, the stress-strain behaviour
of ballast subjected to constant load increment (CLI) tests (Fig. 87.a) can be easily
described by a power relationship proposed by Janbu (1963) for soil consolidation
(discussed in Section 2.3.5). However, this type of equation is not sufficient to describe
the volume reduction behaviour of ballast upon loading. It was proven by several
researchers (Hansen, 1968; Hardin, 1987; Pestana and Wittle, 1995) that other
parameters including the initial density need to be accounted for in the compressibility
characteristics of a given material. Therefore, a model was proposed by Indraratna et al.
(1997) to realistically predict the volume change of ballast specimens during the loading
stage on the basis of void ratio or porosity, as given below:

e = eo −

1
k 1D L

σa

(7.1)

where e = void ratio at a stage during the test, eo = initial void ratio, σa = axial stress,
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k 1D L = apparent stiffness for loading stage of one-dimensional compression (Fig. 88).

A close look at the data presented in Fig. 88 shows that the proposed model could be
extended to describe the unloading branch of these curves. However, as in the theory of
elasto-plasticity the following assumptions are necessary:
a. the incremental strains (volumetric) can be subdivided in elastic and plastic components;
b. the plastic strains that occur during loading stage is equal to the permanent strains at the
end of the unloading branch of ballast specimens, hence, during the unloading only the
elastic behaviour of material is displayed;
c. the tangent bulk modulus for loading can be written as a separable function of the current
void ratio e and mean effective stress p' (to be discussed later) as used in the context of
critical state soil mechanics.
Then the unloading branch of the e-σa graph is described by the relationship given
below:

e = ef −

1
k 1D E

σa

(7.2)

where e and σa are as defined above, ef = void ratio at the end of unloading (estimated
from the void ratio at maximum load) and k 1D E = apparent elastic stiffness for
unloading stage of one-dimensional compression. Typical representation of test results
using the void ratio model for loading and unloading stage is presented in Fig. 88. It
should be noted that all, except one test, were performed on dry specimen. During the
flooding and saturation at the maximum load (eg. σa max = 950 kPa, during CLI test),
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Figure 88. One-dimensional compressive model for Bombo ballast: (a) compacted
specimens; (b) uncompacted specimens (after Indraratna et al., 1997)
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care was taken so no pore water pressure build up occurred. Therefore, the stresses
referred to in this section represent the effective stresses although the conventional
notation (eg. σ'a) was not used.

Interesting to note that the void ratio and the axial stress are linearly related, which is in
contrast with other granular media, which exhibit nonlinear behaviour even at low level
of axial stresses. This aspect is further discussed in relation to crushing behaviour of
ballast. The Eq. 7.1 could be used in the computation of the total settlement (ie. the
settlement at the end of each loading stage) as:

sT = H

Δe
=H
eo + 1
k

σa
L
1D

(e o + 1)

(7.3)

Implementing Eq. 7.2 the rebound settlement (elastic recovery) could be estimated from:

sE = H

ΔeE
=H
eo + 1
k

σa
E
1D

(e o + 1)

(7.4)

where sT = settlement of ballast layer, H = initial height of ballast specimens and

Δe

= eo – e during loading stage and ΔeE = ef – e during unloading stage, respectively.

Using Eqs. 7.3 and 7.4 (based on the earlier assumption) the plastic deformation at the
end of unloading stage (i.e. permanent settlement in the track environment) could be
estimated, as given below:
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sP = s T - sE = H

⎞
⎛
σa ⎜ 1
1 ⎟
−
(e o + 1) ⎜⎜ k L k E ⎟⎟
1D ⎠
⎝ 1D

It could be observed that the axial strain ( ε

T
a

(7.5)

) developed on the ballast specimens at a

given axial stress is a function of initial concentration of ballast particles and could be
computed using the following expression:

ε

σa

=

T
a

In a similar manner the elastic strain ( ε

L

k 1D (e o + 1)

E
a

(7.6)

) corresponding to the unloading stage could

be expressed as:

ε

Thus the plastic strain ( ε

ε

a

=

σa
E

k 1D (e o + 1)

P

) at the end of unloading stage is then computed from:

P

=ε

a

a

E

T
a

- ε

E
a

⎞
⎛
σa ⎜ 1
1 ⎟
=
−
(e o + 1) ⎜⎜ k L k E ⎟⎟
1D ⎠
⎝ 1D

(7.7)

(7.8)

Implementing Eqs. 7.6, 7.7 in 7.8 the cumulative plastic strains during repeated loadingunloading cycles could be estimated. The effect of load pattern and the initial degree of
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L

E

packing on the apparent stiffness for loading and unloading stage ( k 1D , k 1D ) is
discussed in a later section.

7.2.4 Lateral Pressure
The measurement of the lateral pressure (σh) developed by the specimens on the
confining cell walls was enabled employing the procedure presented in Section 4.3.2.2.
The values of lateral pressure so determined at the end of each load increment are
plotted in Fig. 89 in terms of axial stress (σa). Independent of the loading pattern and
the initial density of the specimens the lateral pressure increased almost linearly with the
axial stress. However, a slight increase in the rate of variation of lateral pressure with
the axial stress was observed towards the end of loading stage (σa > 700 kPa) of the VLI
tests. This behaviour might be caused by the crushing of grains. Upon unloading all
curves displayed a characteristic hysteresis and the lowest lateral pressure values were
measured for the flooded specimen.

The coefficient of earth pressure at rest Ko was computed from the measured lateral
pressure and its variation with the axial stress is presented in Figure 90. It was observed
that Ko was mostly affected by the degree of packing. Mesri and Hayat (1993) and
earlier Hendron (1963) and Marsal (1973) reported lower Ko values for lower initial void
ratio associated with an increase in φ'. A slight variation was recorded due to the pattern
of load with slightly higher Ko measured during the VLI tests. Marsal (1973) reported
similar variation of Ko with the stress level for rockfill materials. For the given test
conditions Ko varied from 0.235 to 0.436. During the unloading stage, the measured Ko
increased to values larger than 1.5 as was expected from an overconsolidated
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Figure 89. Lateral stress variation during the one-dimensional compression:
compacted specimens; (b) uncompacted specimens
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Figure 90. Ko variation during the one-dimensional compression: (a) compacted
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material. The Ko variation rate during the unloading stage on the flooded specimen was
lower caused by a lower frictional resistance at contact points between wet ballast
grains. This was in good agreement with earlier reports by several researchers (Marsal,
1973; Al Hussaini and Townsend, 1975; Daramola, 1980; Naylor et al., 1986) for other
granular media such as rockfill and sand. Ko values together with other parameters
measured or estimated for each loading case are summarized in Table 21.

The stress condition in the compression cell is characterized by biaxial symmetry. The
strains in the horizontal strain gauges attached to the steel wall, were in the order of
2200 με. According to Andrawes and El-Sohby (1973) small strain deviations from zero
would not significantly affect the resulting values of Ko.

Therefore, it could be

concluded that the strains are zero, consequently, the condition of no lateral yield is
satisfied (εx = εy = εh = 0). Thus the volumetric strains are equal to the axial strains and
the relationship between axial stress and lateral stress could be written as:

σ =
h

ν
σa
1- ν

(7.9)

then:

ν=

K

o

1+ K

(7.10)
o

where ν is the Poisson’s ratio. Consequently, the angle of internal friction (φ') can be
estimated with sufficient accuracy employing the coefficient of earth pressure at rest
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Table 21. Ko estimated during 1-D compression tests

Bulk unit Relativ
Type Moisture
of test condition

weight

e

Initial

Final

Coefficient of earth

void ratio

void

pressure at rest

ei

ratio

Ko-av

γ (kN/m3 density

)

Dr (%)

φ' (deg)

ef

CLI

Dry

13.87

19

0.954

0.882

0.3496

40.57

CLI

Dry

15.53

75

0.745

0.724

0.3168

43.09

CLI

Dry/
flooded

15.59

75

0.737

0.699

0.3221

42.68

VLI

Dry

13.88

19

0.952

0.874

0.3522

40.38

VLI

Dry

15.54

75

0.744

0.719

0.3257

42.40

using the expression proposed by Jaky (1944):

φ′ = arcsin (1 + K o )

(7.11)

It should be observed that the angle of internal friction varies with the axial stress. The
variation of angle of internal friction during the 1-D compression and the CID triaxial
tests is to be compared in a later section.

The e-ln p′ characteristic of fresh ballast is presented in Figure 91. The variation of
void ratio (e) with the median effective stress (p') is very small at the beginning of the
test. However, for p’ reaching 400 kPa the variation of void ratio increases significantly
(Fig. 91.b). It seems also that for p′ > 400 kPa the e-ln p′ plot follows a straight
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Figure 91. e-ln p′ characteristics of fresh ballast during the 1-D compression:
(a) compacted specimens; (b) uncompacted specimens
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line that is used to find the position of the volumetric yielding point as shown in
Fig. 91.b. Though, because the level of stress is relatively low (p′ < 600 kPa) the
statement that the straight line coincides with the Normally Consolidation Line (NCL)
has to be done with care. Nevertheless, assuming that the straight line is the NCL,
which Schofield & Wroth (1968) implied to be parallel with the Critical State Line
(CSL) in the e-ln p′ space, then its slope is used to evaluate the critical state parameter,
λ. For fresh latite and given test conditions and test results (Fig. 91.b), λ is 0.107. If the

straight line is not NCL it is possible that the estimated value for λ will increase due to
additional breakage at higher stress level (Biarez and Hicher, 1994). As expected upon
unloading the slope of e-ln p′ is almost the same, independent of the load pattern and the
specimen initial density. The slope of the unloading e-ln p′ graph is also a critical state
parameter κ, which for the measured data on fresh latite is 0.018.

7.2.5 Stiffness Variation
The variation of the constrained modulus value during the 1-D compression on ballast
has been already presented by Indraratna et al. (1997) and is summarized for all
specimens, load pattern and moisture condition in Table 22. The substantially stiffer
unloading modulus is characteristic of a typically densifying material under load. As
expected the constrained modulus computed for the flooded specimen was lower in
comparison to the dry specimen.

As shown in Figure 92, the variation of the

constrained modulus (D) with the applied stress (σa) does not indicate a definite
relationship, and this erratic variation of D with σa is believed to be due to particle
packing, degradation and repacking phenomena. Nevertheless, an increase by a factor of
2 - 3 in the constrained modulus was observed as the bulk unit weight of the
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Table 22 Average value of constrained modulus (D) for latite ballast (MPa)

(after

Indraratna et al., 1997)

Constrained Modulus, D (MPa)

Type of test

Constrained modulus
D (MPa)

Relative density

Moisture
condition

Dr (%)

Loading

Unloading

CLI

Dry

19

22

95

CLI

Dry

75

71

896

CLI

Dry/flooded

75

73

747

VLI

Dry

19

32

79

VLI

Dry

75

48

716

CLI test, air dried, Dr = 75 %
CLI test, dry/flooded, Dr = 75 %
VLI test, air dried, Dr = 75 %
CLI test, air dried, Dr = 19 %
VLI test, air dried, Dr = 19 %
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0
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Figure 92. Influence of axial stress variation on constrained modulus during
loading in the compression cell (after Indraratna et al., 1997)
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specimen was increased from 13.8 to 15.6 kN/m3, which was also associated with a
significant decrease in the void ratio upon loading. The sudden decrease in D at certain
values of applied stress is attributed to particle degradation (crushing), whereas the
initial decrease in D at early loading stages is always expected during initial packing. A
similar behaviour has been reported by Hagerty et al. (1993), for various granular media
subjected to high compressive stresses.

As mentioned in Section 2.3.5, Pestana and Wittle (1995) suggested that the tangent
bulk modulus can be written as a separable function of the current void ratio e and the
mean effective stress using the dimensionless equation:

K C a ⎛ p′ ⎞
⎜ ⎟
=
pa
n ⎜⎝ p a ⎟⎠

d′

(7.12)

where Ca and d′ are ballast constants. The evaluation of these constants for the various
initial solids concentration and loading conditions is presented in Figure 93.

As

expected all curves show an increasing trend with the increase in the mean effective
stress and reduction in the volume of voids. Independent of the initial packing, the
increase rate is higher for the VLI tests. Although, a straight line could be fitted to the
results plotted in a double logarithmic space, some scatter characterize the results, which
as mentioned above, is attributed to breakage of grains. The constants Ca and d’ for the
various test conditions and relative density are summarized in Table 23.

Considering the axisymmetric conditions in the 1-D compression (εv = εa and
= σa (1 + 2Ko)/3) then the tangent bulk modulus could be correlated to the
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Figure 93. Estimation of the coefficients of K of fresh ballast for loading stage of
1-D compression: (a) compacted specimens; (b) uncompacted specimens
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Table 23. Parameters of bulk modulus (K) during 1-D compression on latite ballast

Coefficients of bulk modulus
Moisture Relative density
Dr (%)
condition

Type of
test

Loading

Unloading

Ca

d′

Cb

d′′

CLI

Dry

19

50

0.15

240

0.33

CLI

Dry

75

100

0.3

240

CLI

Dry/flooded

75

100

0.3

240

0.33
0.33

VLI

Dry

19

30

0.4

240

0.33

VLI

Dry

75

50

0.8

240

0.33

constrained (oedometer) modulus (D) and the Young’s Modulus (E') as follows:

(

v

The parameter k

) (

)

1 + 2K
1+ K
δp′ δσ a 1 + 2K o
o
o
=
=D
= E′
3
3
δε
δε
3 1− K

K=

L
1D

(

a

o

)

(7.13)

was defined in Eq. 7.1 as apparent stiffness. Rewriting Eq. 7.6 in

the following form:

δσ a
δε

T

= k 1D (e o + 1) = D = E′
L

a

it could be observed that k

1+ K

(1− K )(1+ 2K )
o

L
1D

o

o

is directly proportional to the tangent modulus (E') and

the proportionality is controlled by the initial concentration of solids and Ko. The
values of k

L
1D

(7.14)

for each loading case are presented in Table 24.
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E

The unloading stage is assumed to be elastic and the incremental bulk modulus K could
be expressed using a similar relationship as given below:

K E Cb ⎛⎜ p′ ⎞⎟
=
p
n ⎜p ⎟
a
⎝ a⎠

d′′

(7.15)

where Cb and d’’ are ballast constants given in Table 23. Hence, a similar correlation
could be written between the unloading apparent stiffness and the unloading bulk
modulus:

⎞⎟
⎛⎜1 + 2K
o(p) ⎠
⎝
=
(e o + 1)
3
E

k 1D

E

K

(7.16)

where Ko(p) varies with the stress level as shown earlier in Fig. 90. The test results
indicate on the average that the value of k 1D L for compacted specimens is 67% greater
than that of the uncompacted specimens. The values of k 1DE were not significantly
affected by the load pattern and specimens relative density.

The void ratio model for 1-D compression proposed in Eqs. 7.1 and 7.2 could be now
expressed in terms of the mean effective stress and tangent bulk modulus by the
following relationship for loading:

Table 24. Apparent stiffness ( k

L
1D

) values during loading stage of 1-D

compression on latite ballast
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Type of test

Apparent stiffness

Relative density

Moisture
condition

Dr (%)

1/k

L
1D

(MPa-1) 1/k

E
1D

(MPa-1)

2.1 x 10-5

75

9.9 x 10-5
3.3 x 10-5

Dry/flooded

75

3.4 x 10-5

2.2 x 10-6

VLI

Dry

19

12.5 x 10-5

5 x 10-6

VLI

Dry

75

3.6 x 10-5

5.2 x 10-6

CLI

Dry

19

CLI

Dry

CLI

e = eo −

p′
(e o + 1)
K

8 x 10-6

(7.17)

and for unloading:
e = ef −

p′
KE

(e o + 1)

(7.18)

Figure 94 illustrates that the proposed model describes quite accurately the behaviour of
latite ballast at low stress level (p' < 600 kPa).

7.2.6 Repeated Loading Tests
As mentioned in Section 5.3.3.3 both uncompacted specimens (eo = 0.95) and
compacted specimens (eo = 0.74) of latite ballast were subjected to repeated loading.
The results of these repeated loading tests are presented here. The axial pressures varied
from 50 to 560 kPa and the specimens were subjected to 1000 cycles of load repetition.
The loading-unloading cycles were carried out at intervals of 22 - 28 seconds between

256

Chapter 7:

Dr = 75 % ( eo = 0.74)

0.74

Void ratio, e

Results of monotonic and repeated loading tests- presentation and discussion

CLI test, air dried
CLI test, dry/flooded
VLI test, air dried

0.72

Proposed model
Proposed
model
(Eqs. 7.17, 7.18)

(Eqs. 6.20, 6.21)
Saturation

0.70

0.68
0

100

200

300

400

500

600

Mean effective stress, p' (kPa)
(a)

0.96

Void ratio, e

CLI test, air dried
VLI test, air dried
Dr = 19 % ( eo = 0.95)

0.92

Proposed
model
Proposed model
(Eqs.
6.20,7.18)
6.21)
(Eqs. 7.17,
0.88

0.84
0

100

200

300

400

500

600

Mean effective stress, p' (kPa)
(b)
Figure 94. Comparison of measured data and void ratio model for 1-D
compression at lower stress level: (a) compacted specimens; (b) uncompacted
specimens
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each cycle and the total and plastic deformations were recorded for each cycle of
loading. Employing the procedure presented in Section 4.3.2.2 enabled both estimation
of lateral pressure exerted by the ballast specimen on the consolidation cell wall and the
loss in the applied axial pressure due to skin friction between ballast and steel wall. This
was done at selected number of load cycles.

The behaviour of the ballast specimens under repeated loading was non-linear, and
stress-state dependent, and also varied significantly from the behaviour of the same
material under static loading. Fig. 95 presents the first 15 cycles of repeated loading on
both uncompacted and compacted specimens of ballast.

It shows the typical

characteristics of granular material under repeated loading, as would be expected from
Section 2.4.7. The magnitude of the applied axial pressure was corrected for loss due to
friction on the specimen boundary. During the first cycle of loading on the uncompacted
specimens, the axial strain developed rapidly (2.81%), and it recovered only partially
upon unloading (0.39%). Each additional cycle caused an increment of plastic strain,
but at a diminishing rate, varying from 2.42% after the first cycle to 0.12% after about
ten cycles. In contrast to the uncompacted ballast, the compacted specimens indicated a
much smaller permanent axial strain, 0.58% after the first cycle and during the
subsequent ten cycles the increment of plastic deformation reduced to 0.009%.

Typical variation of settlement of ballast specimens with the number of loading cycles is
shown in Fig. 96. The behaviour of the compacted specimens can be described by the
following equation:

sN = s1 (A' log N + 1)
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Figure 95. Variation of axial strain with each cycle during initial loadingunloading stage on latite ballast (modified after Indraratna et al., 1997)
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Figure 96. Variation of settlement with number of loading cycles (modified after
Indraratna et al., 1997)
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where sN is the settlement at N number of load cycles, s1 is the settlement after the first
load cycle, N is the number of loading cycles and A' is an empirical coefficient obtained
by non-linear regression. For the compacted ballast, s1 = 2.31 mm, and A' = 0.345. If
s1

Eq. (7.19) is used to predict the settlements for uncompacted specimens for which

= 9.68 mm, a slight underestimation is observed in the initial stage of loading, after
which a 10 - 11% overestimation occurs. This may be caused by the higher rate of
settlement accumulation that the uncompacted specimens exhibit at the initial stages of
testing (up to about 15 cycles) representing the immediate particle packing. Subsequent
gradual settlements are related to the degradation of sharp edges and coarser grains at
increased compaction states. Clearly, the initial particle packing is not significant for
the compacted ballast, hence, its settlement is only a function of particle degradation
described herein by Eq. (7.19). Alternatively, Eq. (7.19) could be expressed in terms of
axial strains, and the resultant equation is identical to that proposed by ORE (1970) and
discussed in Section 2.4.8.2.

εaN = εa1 (A' log N + 1)

(7.20)

where εaN is the axial strain after N number of load cycles, εa1 is the axial strain after the
first load cycle and A' and N were defined above. Worth noting that for the 1-D
compression the axial strain after N number of load cycles equates to the volumetric
strain at the considered load cycles. The material constant A', which for latite basalt was
found to be 0.345 fits within the range reported by ORE (1970) and Siller (1980) for a
variety of ballast materials and different densities.

Furthermore, the lateral pressure exerted by the ballast specimens on the cell wall was
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found to increase with the number of load cycles showing partial recovery upon
unloading. The variation of the residual lateral pressure with the number of loading
repetition is presented in Figure 97 for both uncompacted and compacted ballast
specimens at selected number of load cycles. It should be observed that the largest
change in horizontal residual stress occurs after the first cycle.

Larger change in

horizontal residual pressure, at about 400 cycles for uncompacted specimens and 200
cycles for compacted specimens (Fig. 97), could be associated with the degradation of
grains due to increased inter-granular forces. It seems that the increment of residual
lateral pressure decreased with the increase in number of load applications. However,
no definite relationship was established as the residual horizontal stress was monitored
at selected number of load cycles.

7.2.7 Elastic Resiliency
As the plastic strains accumulate, the void ratio is reduced, followed by an increase in
the stiffness of the specimen regardless of the initial bulk density. The difference
between the maximum strain under the peak load and the permanent strain after
unloading at each cycle yields the elastic resilient strain component. Its magnitude
decreases with the number of cycles, from 0.39% after the first cycle to 0.16% after fifty
cycles, for the uncompacted specimens. For the compacted ballast, the resilient state is
reached much quicker, the resilient rate varying from 0.18% after the first cycle to
0.14% after fifty cycles, becoming constant at about three hundred cycles. The pseudoelastic characteristic of a particulate medium is defined by the resilient modulus (the
deviator stress divided by recoverable strain). Based on the current test measurements,
and employing Eq. 7.14 in which the total strain increment ( δε
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elastic component of the strain increment ( δε

E
a

) the magnitude of the resilient modulus

was determined at selected number of load cycles. It was observed that the resilient
modulus increased with each loading cycle reaching a constant value after a certain
number of load cycles.

For latite ballast, the resilient modulus (Er) varied from

131 MPa to 358 MPa for the uncompacted specimens, and from 283 MPa to 457 MPa
for the compacted ballast.

7.2.8 Particle Degradation
The preparation of ballast specimens as described in Section 5.3.3.2 allowed that at the
end of the test the two layers of ballast to be removed, sieved (Section 5.3.3.5) and the
variation in grading recorded for each layer. In this way, the investigation of grains
degradation with depth was possible. The small changes in particle sizes cannot be
clearly illustrated in conventional particle size distribution curves as shown in Fig. 98.
Therefore, an alternative method of representing the variation of grading during the test
was employed. This technique proposed by Marsal (1963) and described in Section
2.5.1 plots the difference between the percentage by weight of each grain size fraction
before and after the test (ΔWk) against the aperture of the smallest sieve corresponding
to that fraction as shown in Figure 99.

The grain breakage index (Bg) for rockfill dam materials defined by Marsal (1973) as the
sum of the positive values of ΔWk, expressed as a percentage was used to quantify the
degradation of ballast in this study.

The variation of the particle breakage was a

function of the grain size and the depth of each layer (Fig. 99). The degree of particle
degradation is maximum near the sample surface (layers A and B), and the amount of
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Figure 97. Variation of lateral pressure with number of loading cycles
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Figure 99. Typical variation of particle distribution with grain size corresponding
to each layer for Bombo latite (repeated loading-unloading test)
(after Indraratna et al., 1997)

breakage decreases with depth. Table 25 summarises the measured data, which show
that the magnitude of Bg is larger for the top layer of ballast specimens, and varies from
2.48% to 1.01% for the static tests, and from 2.41% to 1.77% for the repeated loadingunloading tests. This is not surprising, because the average vertical stress decreases with
depth due to shear stress developed on the cell wall (in spite of graphite powder applied
on the wall). Hence, mainly the angular particles are subject to high contact forces in
the bottom layer of ballast.

Irrespective of the loading conditions, an increase in the magnitude of Bg was recorded
as the initial bulk unit weight was increased from 13.8 to 15.6 kN/m3. Change in the
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Table 25. Variation of particles breakage with each grain fraction and ballast layer
(Indraratna et al., 1997)

Bg (%)

Type of test

Dr

Layer

(%)

Particle size (mm)
63

53

37.5

26.5

Total/
layer

Static tests
19

A

0.30

0.66

0.10

0.37

1.43

Constant load increments,

19

B

0.20

0.50

0.10

0.31

1.11

air dried

75

A

0.02

0.31

0.24

0.63

1.20

75

B

0.01

0.18

0.17

0.65

1.01

19

A

0.09

0.74

1.27

0.01

2.10

Variable load increments,

19

B

0.07

0.69

1.12

0.01

1.89

air dried

75

A

0.08

1.21

0.35

0.26

1.90

75

B

0.08

1.08

0.24

0.25

1.65

Constant load increments,

75

A

0.09

1.30

0.63

0.46

2.48

flooded

75

B

0.07

0.98

0.59

0.39

2.03

19

A

0.00

1.53

0.00

0.88

2.41

Repeated loading tests,

19

B

0.00

1.28

0.00

0.78

2.06

air dried

75

A

0.13

1.45

0.00

0.41

1.99

75

B

0.12

1.19

0.00

0.46

1.77

loading pattern from variable load increments to constant load increments produced less
particle degradation. The difference in particle degradation was not significant between
the variable load increment test and the repeated loading test, irrespective of the depth of
ballast. The addition of water to the ballast specimen during the test produced more
particle breakage, especially in the top layer of ballast.
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7.3 CYLINDRICAL TRIAXIAL TESTS
This section presents the results of tests performed in the large-scale cylindrical cell
following the tests procedure presented in Section 5.3.4.3. The results show the stressstrain and the degradation characteristics of isotropically consolidated specimens of
‘fresh’ and recycled ballast (Sections 5.2.1, 5.2.2 and 5.3.2) when subjected to shear in
drained conditions. The behaviour of ‘fresh’ ballast was further investigated during the
undrained shear and loading-unloading-reloading tests. The changes in the behaviour of
ballast specimens caused by the degree of compaction, particles shape and gradation
together with those caused by the load pattern and confining level were identified. Most
of the findings presented in the following sections have been already reported elsewhere
(Indraratna et al., 1998(a); Indraratna et al., 1998(b); Indraratna et al., 1998(c); Ionescu,
1999; Indraratna et al., 2000; Indraratna et al., 2001; Ionescu and Indraratna, 2003;
Ionescu et al., 1998; Ionescu et al., 2004).

7.3.1 Conventional Triaxial Drained Shear
The ballast samples were soaked prior to testing and the specimens were prepared to
three distinct gradations according to the procedure described Section 5.3.4.1.
Saturation of ballast was necessary to model the deformation processes associated with
‘wet’ ballast, especially in some of the low-lying coastal areas of NSW (Indraratna et al.,
1998(b)).

A 4 mm thick rubber membrane was used to confine the cylindrical

specimens. The tests were conducted following the procedure presented in Section
5.3.4.3, with the effective confining pressure varying from 1 to 240 kPa. This pressure
range is adequate to simulate the typical confining pressures generated within the ballast
bed due to the passage of unloaded to fully-loaded trains (Indraratna et al., 1998(b)).
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Each test specimen was subjected to isotropic consolidation under a known (constant)
cell pressure before increasing the axial stress. The volume change was monitored
(Section 4.2.2.6) during consolidation and shearing in relation to the corresponding axial
strain and the deviator stress. The effect of membrane penetration on the confining
pressure (σ3') was accounted for following the procedure presented in

Section

4.3.3.4(b). The maximum deviator stress was recorded for each test specimen, and the
post-peak stress-strain behaviour was monitored up to about 20% axial strain. Unlike in
the case of sand or granulated fine media, in the case of ballast specimens, no distinct
failure plane was eminent even after significant post-peak straining. Therefore, for the
purpose of discussion, ‘failure’ is described by the behaviour at the peak deviator stress
(σ1' - σ3')p, where the mode of failure is considered to be ‘bulging’ The axial stress was

corrected for the contribution of membrane strength following the steps specified in
Section 4.3.3.4(a).

7.3.1.1 Isotropic Compression
The tested specimens were initially subjected to a gradual increase in all-around
pressure, ie. 1, 8, 15, 30, 60, 90, 120 and 240 kPa during isotropic consolidation, and the
measurements of the volume change and axial deformation were recorded.

The

variation of the volumetric strain εv with respect to the effective confining pressure σ3'
during consolidation for the materials tested is shown in Figure 100 for a selected
confining pressure and different initial unit weight.

Results of the tests indicated

considerable volume reduction under isotropic compression believed to be associated
with the uniform gradation of both materials. Under isotropic compression, the variation
of volumetric strain with the effective confining pressure is non-linear, increased with
the level of confining pressure and as expected, the recycled ballast
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Volumetric strains, εv (%)
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Gradation C, d 50 = 30.3 mm
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γ= 15.1 kN/m3
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(a)
16

σ3' = 240 kPa
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Recycled ballast

Gradation E, d 50 = 39.2 mm
Gradation D, d 50 = 30.3 mm St Marys stockpile
Gradation F, d 50 = 42.2 mm
Gradation G, d 50 = 38.0 mm Chullora stockpile
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Figure 100. Effect of confining pressure, gradation and initial compaction on the
volumetric strains during isotropic consolidation: (a) ‘fresh’ latite basalt ballast;
(b) recycled ballast (after Ionescu et al., 1998)
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compressed more than the fresh ballast of similar initial relative density, at the same
confining pressure and for similar gradation. This is due to the effect of rounded edges
of worn grains of recycled ballast, which permit larger interparticle movements in
comparison with the highly angular grains of fresh ballast. As expected, a higher
volumetric change was observed for specimens having a lower initial unit weight.
However, at the same confining pressure an 8% increase in the unit weight attracted a
reduction in the volume change of 1.4 % for gradation B and 0.7 % for gradation C,
respectively. Furthermore, Figure 100 shows that for the ‘fresh’ ballast at the same
level of compaction the compressibility of coarser gradations A and B (ie. lower initial
density) is larger than gradation C, which has a more compact skeleton attributed to finer
fractions. Similar trend was observed for recycled ballast, however, the difference was
not significant for the three modelled gradations of recycled material. Furthermore,
Figure 100(b) shows that gradation F (supplied from St Marys stockpile) exhibited
higher level of volume change when compared with gradation G (supplied from
Chullora stockpile), which was expected due to crushed gravel that the St Marys ballast
contained allowing more relative movement of particles. The results of consolidation
stage on both ‘fresh’ and recycled ballast are sumarised in Table 26.

7.3.1.2 Stress-Strain Behaviour
The results of the triaxial shear tests on gradations A, B and C of ‘fresh’ ballast

(dmax

= 73 mm and 63 mm) are shown in Figs. 101, 102 and 103, respectively as plots of
deviator stress and volumetric strain against the axial strain. Figures 104, 105, 106 and
107, respectively present the results from triaxial shear tests on recycled ballast prepared
to similar gradations and dmax as those of ‘fresh’ ballast (D, E, F and G). Overall, lower
values of the deviator stresss (σ1' - σ3') were monitored for recycled
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Table 26. Volumetric strain at the end of isotropical consolidation for ‘fresh’ and
recycled ballast
Confining
Ballast
type

Volumetric

pressure Dry unit
weight
Gradation (σ3′)
(kN/m3)
(kPa)

ei

Dr

ef

(%)

15

15.71

0.725

79.02

0.653

4.15

60

15.60

0.737

75.78

0.637

5.76

240

15.62

0.735

76.37

0.571

9.42

1

15.27

0.775

58.33

0.775

0.07

8

15.20

0.783

55.67

0.763

1.09

15

15.40

0.759

63.39

0.702

3.24

30

14.68

0.846

34.98

0.778

3.68

60

15.38

0.762

62.50

0.678

4.78

90

14.94

0.814

45.58

0.710

5.70

120

15.32

0.768

60.44

0.664

5.92

240

14.86

0.801

49.83

0.660

7.84

1

15.62

0.735

60.48

0.735

0.07

8

15.39

0.761

51.29

0.732

1.64

15

15.41

0.758

52.32

0.728

1.70

30

15.63

0.734

60.83

0.704

1.74

60

15.64

0.733

61.23

0.687

2.65

90

15.39

0.760

51.50

0.694

3.75

120

14.93

0.814

32.40

0.740

4.09

240

15.62

0.734

60.60

0.650

4.90

15

16.40

0.652

98.64

0.606

2.82

60

16.31

0.661

95.64

0.598

3.79

240

16.42

0.650

99.30

0.544

6.42

15

16.52

0.640

93.94

0.623

1.02

60

16.58

0.634

96.04

0.595

2.42

240

16.61

0.631

97.08

0.563

4.21

1

16.61

0.646

91.99

0.626

0.17

8

16.74

0.634

95.91

0.598

2.20

A

B

Fresh
ballast
C

B

C

strain
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15

16.28

0.680

81.29

0.608

4.31

30

16.09

0.700

75.09

0.614

5.05

60

16.05

0.705

73.72

0.636

4.05

120

16.52

0.655

89.25

0.495

9.65

240

15.82

0.729

66.06

0.538

11.04

1

16.38

0.669

88.97

0.671

0.12

8

16.35

0.673

87.56

0.632

2.46

15

16.62

0.646

98.07

0.586

3.65

30

16.09

0.700

76.96

0.610

3.81

60

16.12

0.697

78.30

0.628

5.15

120

16.52

0.655

94.49

0.496

9.31

240

16.48

0.660

92.79

0.489

10.27

1

16.33

0.675

79.82

0.663

0.09

8

16.58

0.649

89.30

0.602

2.85

15

16.70

0.637

93.71

0.562

4.60

30

16.50

0.658

86.04

0.579

4.77

60

16.40

0.668

82.42

0.567

6.06

120

16.14

0.695

72.33

0.532

9.61

240

16.86

0.622

99.26

0.434

11.61

15

16.25

0.675

86.95

0.613

3.74

60

16.31

0.669

88.86

0.633

5.63

240

16.42

0.658

92.32

0.631

9.04

D

Recycled
ballast –
St Marys
stockpile

E

F

Recycled
ballast –
Chullora
stockpile

G

ballast than for fresh ballast, for a similar particle gradation. As expected, the peak
deviator stress (σ1' - σ3')p increases with the increasing confining stress (Figs. 101-107).
The post-peak response of ballast is characterised by a gradually strain-softening
behaviour during testing.

Independent of the ballast type the peak deviator stress

yielded higher values for specimens having higher Dmax (gradation A for ‘fresh’ ballast
and gradations F and G for recycled ballast) as shown in Figs. 108 and 109. As
expected, an increase in the relative density caused an increase in the deviator stress and
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Figure 101. Stress-strain behaviour during CID tests at different confining
pressure values on ‘fresh’ ballast (gradation A)

a tendency of specimens to dilate especially for lower confining pressure as presented in
Figs 110 and 111 for modelled gradation B and C of ‘fresh’ ballast. The recycled
ballast yielded lower (σ1′ - σ3′)p than the ‘fresh’ ballast, with gradation D exhibiting the
poorest performance and gradation E the best. The results presented in Fig. 109 show
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Figure 102. Stress-strain behaviour during CID tests at different confining
pressure values on ‘fresh’ ballast (gradation B) (after Indraratna et al., 1998(b))

that coarser gradation F yielded intermediate values between gradation D and gradation
E.

Figure 110 presents a comparison between the stress-strain curves at selected

confining pressure (15 kPa, 60 kPa, 240 kPa) for coarser gradations (‘as supplied’
gradations) of recycled ballast supplied from the two sources St Marys and Chullora
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Figure 103. Stress-strain behaviour during CID tests at different confining
pressure values on ‘fresh’ ballast (gradation C) (after Indraratna et al., 1998(b))

stockpile. The slight difference in the gradation and particle shape between the two
samples of supplied recycled ballast (Section 5.2.2), affected only slightly the peak
deviator stress.
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Figure 104. Stress-strain behaviour during CID tests at different confining
pressure values on recycled ballast (gradation D) (after Ionescu, 1999)

At very low values of σ3', independent of ballast type, gradation and preparation unit
weight, all specimens, showed large volumetric dilatancy (εv < 0), whereas at higher
levels of σ3' (> 120 kPa), the response of specimens depends on the type of material that
was tested. That is the ‘fresh’ ballast specimens showed an overall volume compression
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Figure 105. Stress-strain behaviour during CID tests at different confining
pressure values on recycled ballast (gradation E)

for a wide range of axial strains, whilst all but one recycled ballast specimens displayed
volumetric dilatancy even for the highest confining pressure (σ3' = 240 kPa) used in the
study (Figs. 101-107). It is believed that the greater extent of dilation indicated by
gradations C and E is due to the effect of denser packing of smaller particle sizes (ie.
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Figure 106. Stress-strain behaviour during CID tests at different confining
pressure values on recycled ballast (gradation F) (after Ionescu, 1999)
lower void ratio at compaction). Similar observation was made for both gradations A
and F that had a larger number of grains fractions enabling a better packing under
compaction (Figs. 108-109). Furthermore, overall recycled ballast displayed a higher
tendency to dilate (increase in volume). The comparison between the volumetric strains
of the two ‘as supplied’ samples (gradation F and G) presented in Fig. 110, showed that
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Figure 107. Stress-strain behaviour during CID tests at different confining
pressure values on recycled ballast (gradation G)

recycled ballast supplied from St Marys displayed larger dilatancy strains. This was of
no surprise, as the sample comprised 34.5% by weight of crushed river gravel as
discussed in Section 5.2.2. of which grains were round to sub-round in shape.
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Figure 108. Comparison of the stress-strain curves for gradation A, B and C of
‘fresh’ ballast at selected confining pressure

The specimen strains measured at (σ1'- σ3')p for different values of σ3' are plotted in
Figs. 113 and 114 for ‘fresh’ ballast and for recycled ballast, respectively. In these
graphs, the dilation (volume increase) is considered to be negative, and compression to
be positive. Overall, the volumetric strain (εv) increases at a decreasing rate for ‘fresh’
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Figure 109. Comparison of the stress-strain curves for gradation D, E and F of
recycled ballast at selected confining pressure

ballast whereas for the recycled ballast the trend is not the same for the whole range of
confining pressure (Figs. 113(b) and 114(b)). In addition, there is an initially dilatant
behaviour at low σ3' that changes to an overall compactive behaviour for σ3' > 100 kPa
so for ‘fresh’ ballast, whereas recycled ballast shows dilatative behaviour even at higher
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Figure 110. Stress-strain curves for recycled ballast gradation F (St Marys) and
gradation G (Chullora)

level of confining pressure, independent of gradation, shape and level of packing all
specimens exhibit significantly expansive radial strains (εr = (εv – εa)/2), thereby
indicating and overall volume increase (εv < 0) (Figs. 113(c) and 114(c)). However, it
it was observed that as the confining pressure increased independent of all variable the
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Figure 111. Influence of relative density on stress-strain curves of gradation B of
‘fresh’ ballast

radial strain remains relatively unchanged around 5% for ‘fresh’ ballast. This can be
associated with an increased particle breakage at higher level of confining. On the other
hand, for the recycled ballast specimens the radial strains seemed to decrease with the
increasing cell pressure and at higher levels of σ3' reaching a steady level of 6 - 7%. In
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Figure 112. Influence of relative density on stress-strain curves of gradation C of
‘fresh’ ballast

addition, a higher level of volumetric and radial strains was displayed by the recycled
ballast supplied from St Marys when compared with that supplied from Chullora, which
emphasizes the earlier observations. As expected, the axial strain at peak deviator stress
increases with the confining pressure (4.9% at σ3' = 1 kPa to 15.47% at σ3' = 240 kPa),
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Fig. 113. Variation of strains of ‘fresh’ ballast (after Ionescu et al., 1998)
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Fig. 114. Variation of strains of recycled ballast (after Ionescu et al., 2004)
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with larger values being displayed by the ‘fresh’ ballast specimens. Worth noting that
irrespective of the voids ratio, particle size and shape of these different types of ballast,
all test results still fall within narrow bands.

7.3.1.3 Stiffness Characteristics
The variation of the deformation modulus (Ei = Δ(σ1'-σ3')/Δεa) with the confining
pressure is presented in Figure 115. The initial values of Ei have been determined at
about 1-2% axial strain. Interesting to note that for lower level of confining pressure (<
30 kPa) the magnitude of Ei is larger for fresh ballast, whereas at higher level of σ3′
recycled ballast exhibits larger values for deformation modulus. At a lower level of σ3′
mainly the interparticles friction opposes the axial stress. Consequently, worn and
rounded particles are expected to exhibit less interparticle friction and larger axial
strains under loading, so lower Ei.

Higher degree of packing on preparation of

specimens of ‘fresh’ ballast (γ = 16.1-16.6 kN/m3) resulted in a higher magnitude of
initial stiffness for the specimens. In particular, gradations A and B (‘fresh’ ballast)
containing coarser particle fractions, indicate a considerably greater axial strain upon
initial loading (attributed to the larger void ratio at compaction), thereby resulting in a
smaller initial deformation modulus. At higher values of confining pressure, the degree
of compaction achieved during consolidation stage (Fig. 100(b)) was higher for the
recycled ballast specimens, hence smaller axial strains upon initial loading stage and
larger Ei. Furthermore, in a logarithmic scale the variation of the initial modulus of
deformation with the confining pressure seems to be linear and can be approximated by
a power relationship of the form:

Ei = a (σ3')b
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Fig. 115. Variation of initial tangent modulus with the confining pressure
(after Ionescu et al., 1998)

where a is a material constant mostly affected by the degree of packing whereas
constant b is mainly affected by the grains shape. The values of constants a and b are
summarized in Table 27 for all specimens.

The relationship between confining pressure and the initial Poisson’s ratio is presented
in Figure 116. Gradation B (coarser particles) of ‘fresh’ ballast is characterised by a
smaller Poisson’s ratio as are gradations D and G for the recycled ballast. As the
confining pressure exceeds 180 - 200 kPa, the change in νi is relatively smaller.
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Table 27. Parameters of initial deformation modulus (Ei) from CID tests
Gradation

ei

ef (after
consolidation)

a

b

r2

A

0.73

0.69

5.182

0.4035

0.9383

B

0.79

0.75

3.0707

0.45

0.9557

B

0.66

0.71

3.4076

0.5174

0.9276

C

0.75

0.61

4.8341

0.4448

0.9771

C

0.63

0.55

6.9783

0.4219

0.9457

D

0.68

0.59

2.374

0.6466

0.9738

E

0.67

0.60

3.8192

0.6158

0.9635

F

0.66

0.59

4.7268

0.5359

0.9695

G

0.67

0.63

0.4933

0.9948

0.9013
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Fig. 116. Variation of initial Poisson ratio with the confining pressure
(after Indraratna et al., 1998(b))
288

Chapter 7:

Results of monotonic and repeated loading tests- presentation and discussion

7.3.1.4 Shear Strength
The results of the present study on latite basalt and recycled ballast followed the general
trends (discussed in Section 2.4.5) of granular media subjected to shear. The variation
of the peak principal stress ratio with confining pressure is presented in Fig. 117. At
low level of confining pressure both ‘fresh’ and recycled ballast show significantly high
level of (σ' / σ3’)p, which decreased rapidly as the confining pressure was increased.
The markedly high values of principal stress ratio at peak exhibited by the ‘fresh’ ballast
at low confining pressure can be attributed to the greater frictional interlock of
predominantly angular particles. As predicted, gradation C having a denser packing of
particles shows a higher (σ' / σ3’)p in comparison with gradation B.

Gradation A

displayed slightly higher stress ratio level than gradation B. In addition, gradations B
and C showed a higher level of principal stress ratio when the initial packing was
increased to 16.1-16.6 kN/m3. Overall, recycled ballast seemed to follow the same
trends as those of ‘fresh’ ballast, however, the change in (σ' / σ3’)p level from one
gradation to another is not as marked as for ‘fresh’ ballast due to rounder grain shape,
hence less interparticle frictional resistance on shear. Nevertheless, at higher level of
σ3’ the difference in grain characteristics, initial packing level and ballast type seems to

have insignificant effect as all results tend to the same point. This is believed to be
associated with extensive grains crushing at higher level of confinement. The variation
of the principal stress ratio at peak stress with the confining pressure can be described by
the following non-linear relationship:

Rp = c (σ3’)d

where, Rp is the maximum principal stress ratio, c is the magnitude of (σ' / σ3’)p at
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Fig. 117. Influence of confining pressure on principal stress ratio at peak for
studied materials (after Indraratna et al., 1998(b) and Ionescu et al., 2004)

σ3’ = 1 kPa, and d is an empirical index related to the degree of crushing of particles.

The values of coefficients c and d corresponding to each modelled gradation and density
used in this study are presented in Table 28. It is apparent from the summarized data
that c is very sensitive to changes in grain characteristics and degree of packing,
whereas the coefficient d is mostly affected by the ballast type (eg. grains shape).

The variation of shear strength of railway ballast with the confining pressure is
presented in Figures 118 and 119 using the Mohr-Coulomb criterion as expressed in
Eq. (2.15). It is interesting to note that in the lower range of normal stresses, the shear
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Table 28. Parameters for the principal stress ratio at peak (σ' / σ3’)p
from CID tests
Gradation

ei-av

ef-av-(cons)

c

d

r2

A

0.73

0.69

83.3593

-0.4391

0.9974

B

0.79

0.75

65.88

-.413648

0.9788

B

0.66

0.71

81.2075

-0.4327

0.9984

C

0.75

0.61

91.5353

-0.4755

0.9851

C

0.63

0.55

124.373

-0.51103

0.9821

D

0.68

0.59

27.9336

-0.2454

0.9789

E

0.67

0.60

21.4952

-0.1704

0.8605

F

0.66

0.59

36.1579

-0.2772

0.9575

G

0.67

0.63

38.4522

-0.3027

0.9965

strength envelope is markedly curved and passes through the origin (zero cohesion), as
expected of granular materials. In fact, normal stresses below 400 kPa are usually
representative of typical ballasted foundations (Jeffs and Tew, 1991).

The apparent friction angle (φp’) corresponding to the peak deviator stress of the ballast
can be estimated by drawing a tangent from the origin to each Mohr circle of effective
stresses. Its variation with the normal stress is also presented in Fig. 118 and 119. It
isimportant to note that in practice, where the lateral confining stress (hence, normal
stress) is usually small in railway tracks, the apparent friction angle is expected to be
relatively high (φp’ > 45°). However, at large normal stress levels, the apparent friction
angle becomes considerably smaller, approaching a value in the order of 45°. The
change of the peak friction angle with the increase of σ3’, hence of σn’, will be discussed
in detail in Section 7.3.1.5.
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Figure 118. Mohr-Coulomb failure envelopes for ‘fresh’ ballast from Bombo
quarry (after Indraratna et al., 1998(b))
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Figure 119. Mohr-Coulomb failure envelopes for recycled ballast supplied from St
Marys (gradations D, E and F) and Chullora stockpile (gradation G)

Figure 120 presents a comparison of the variation of shear strength with the increase in
normal stress for all modelled gradations. All shear strength envelopes are non-linear,
and at elevated normal stress, where the strength envelopes tend to become linear, the
conventional (linear) Mohr-Coulomb analysis may be sufficient to describe the shear
behaviour. The non- linear strength envelope is associated with the dilatant behaviour of
ballast at low normal stress and is described by a power relationship (similar with Eq.
2.15) as follows:

τf

=

A 1 (σ n )

B
1

(7.23)

where τf is the shear strength, σn is the normal stress and A1 and B1 are dimensionless
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Figure 120. Combined data representing the shear behaviour of ballast at a low to
medium range of confining pressure (after Ionescu et al., 2004)

constants summarized in Table 29. In addition, the recycled ballast showed an overall
lower level of shear strength (Fig. 120), which was expected due to worn grains. The
best performance in terms of shear strength was exhibited by denser gradation C of
‘fresh’ ballast having a larger proportion of finer grains enabling in this way a higher
degree of packing at a given level of compaction. Gradation D of recycled ballast
showed the poorest performance in terms of shear strength.

The crushing of particles is a decisive factor in the behaviour of ballast. The extent of
crushing is a function of several factors including the compressive strength of the parent
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Table 29. Shear strengths parameters used in Eqs. 7.23 and 7.24 for ‘fresh’ and
recycled ballast
Gradation

ei

A1

B1

A2

B2

r2

A

0.73

7.2

0.71

0.090

0.113

0.9434

B

0.79

6.6

0.72

0.055

0.457

0.9697

B

0.66

7.2

0.71

0.074

0.479

0.9998

C

0.75

6.7

0.72

0.032

0.365

0.9668

C

0.63

7.4

0.71

0.046

0.395

0.9741

D

0.68

6.1

0.72

0.122

0.591

0.9930

E

0.67

6.45

0.72

0.252

0.689

0.9898

F

0.66

6.9

0.71

0.113

0.560

0.9930

G

0.67

6.95

0.71

0.169

0.625

0.9973

rock, applied confining pressure and the initial compaction (porosity). Power expression
for the shear strength given by Eq. (7.23) depends also on the units of normal stress.
This can be avoided by employing Eq. (2.16) (Indraratna et al., 1993), which is a nondimensional form of Eqs. (2.15) and (7.23) by normalizing both terms with the uniaxial
compressive strength (σc). This criterion was extended to describe the behaviour of
ballast at low confining pressure, and is expressed by the following normalized
relationship:

τf

⎛σ ⎞
= A 2 ⎜⎜ n ⎟⎟
σc
⎝ σc ⎠

B2

(7.24)

where σc is the uniaxial compressive strength of parent rock determined from the point
load test, and A2 and B2 are dimensionless constants. The current experimental data in a
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normalised form are plotted in log scales (Fig. 121). The appropriate values of A2 and
B2 for the tested materials are summarised in Table 29. It is pertinent to note that

irrespective of the compressive strength, voids ratio, particle size and distribution of
these two types of ballast, all test results still fall within a narrow band as shown in Fig.
121. It is clear from Eq. (7.24), that the non-linearity of the strength envelope is
governed by the coefficient B2. For small confining pressures employed in this study
(up to 240 kPa), B2 takes values in the order of 0.11 - 0.70. The main advantage of Eq.
(7.24) is that by knowing the uniaxial compressive strength of the parent rock, the shear
strength envelope can be estimated for a given railway ballast based on the proposed A2
and B2 coefficients, which incorporate a wide range of variables such as grain
characteristics, voids ratio and ballast type.

7.3.1.5 Influence of Confining Pressure on Friction Angle
Figure 122 presents the variation of the angle of drained internal friction φp’ with the
increase in confining (cell) pressure for ‘fresh’ ballast and recycled ballast, which
generally agrees with some of the trends discussed in Section 2.4.5. As anticipated, for
the same gradation, degree of compaction and confining pressure higher values of φp’
were obtained for ‘fresh’ ballast than for recycled ballast. Independent of the gradation
and the degree of compaction, when the confining pressure was increased from 1 kPa to
240 kPa, the drop in the drained angle of internal friction was from 77.8° to 49.9° for
‘fresh’ ballast and from 69.7° to 49.1° for recycled ballast, respectively. The high values
of the apparent friction angle at low cell pressure are believed to be related to the
interparticle contact forces that are well below the crushing strength of the parent rock,
and the ability of the interlocking particles to dilate under lower stress levels. The
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Figure 121. Normalized stress-strength relationship for railway ballast
(after Ionescu et al., 2004)

observed angle of internal friction was on the average 1° higher for gradations having a
denser packing (16.4 kN/m3 compared with 15.3 kN/m3), and the difference was higher
for gradation C containing larger proportion of smaller grains (d50C = 30.3 mm), hence,
a higher initial level of packing. Coarser gradation A (DmaxA = 75 mm, d50A = 44.2 mm)
yielded higher values of φp’ than gradation B (DmaxB = 53 mm, d50B = 39.3 mm) due to
larger grain size and larger number of particle fractions providing better grains
interlocking. While a slight reduction in the peak friction angle is observed for low
normal stress below 20 kPa, above this level and up to 500 kPa a small increase in
normal stress induces a considerable decrease in φp’. It is important to note that ‘fresh’
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Peak friction angle, φp' (deg)

Fresh ballast (Bombo quarry)

80

Gradation A, d50 = 44.2 mm
Gradation B, d50 = 39.2 mm
Gradation C, d50 = 30.3 mm
Gradation B, d50 = 39.2 mm
Gradation C, d50 = 30.3 mm

γ= 15.1 - 15.6 kN/m3
γ= 16.1 - 16.6 kN/m3

φp'= φb' + A3 exp (B σ ')
3 n
70

A3 = 26.96
B3 = -0.0057

60

A3 = 18.699
B3 = -0.0098

50

Recycled ballast
Gradation D, d50 = 39.2 mm
Gradation E, d50 = 30.3 mm
Gradation F, d50 = 42.2 mm
Gradation G, d50 = 38.0 mm

40

10

St Marys stockpile
Chullora stockpile

100

Normal pressure σn' (kPa)
Figure 122. Influence of confining pressure on the angle of internal friction of
ballast (after Indraratna et al., 1998(b) and Ionescu et al., 2004)

ballast exhibits a higher rate of decrease of φp’ than for recycled ballast, which is
believed to be associated with degradation of sharp edges of crushed rock. However, at
higher level of confining pressure the effect of grain size, degree of packing and type of
ballast seems to wear off. For the appropriate normal stress range applicable for railway
tracks (σn’ < 400 kPa) the variation of φp’ with σn’ is described by the following
exponential equation:

φp' = φb′+ A3 exp(B3 σn′)
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where φb’ is the true interparticle friction angle determined from tilt table test and A3 and
B3 are empirical coefficients. Table 30 summarises the empirical coefficients for both

‘fresh’ and recycled ballast, having a value of φb’ of 48.5° (‘fresh’ ballast), 47.6° for
recycled ballast supplied from St Marys and 47.8° for recycled ballast supplied from
Chullora, respectively. The second term of Eq. (7.25) reflects the combined effect of
particle rearrangement, dilation and particle degradation during loading, under a given
normal (confining) stress. Eq. (7.25) can be expressed in terms of the mean effective
stress (p’= (σ1’+2σ3’)/3) as follows:

φp' = φb′+ A4 exp(B4 p′)

(7.26)

For p’ < 800 kPa (characteristic to railway tracks) the values of coefficients A4 and B4
are also presented in Table 30. In most ballasted tracks where the lateral confining
pressure is very small, σn’ or p’ in Eqs. (7.25) and (7.26), respectively can be replaced
with the axial stress applied by the wheel loading. In other words, knowing the friction
angle of a given ballast at small confining pressures, the admissible axial (wheel) loads
can be estimated.

7.3.1.6 Effect of Confining Pressure on Sample Deformation
In Section 2.4.5.4 is discussed to length the effect that the volumetric deformation
during shear has on the measured strength. In Section 7.3.1.2 it was shown that at lower
levels of confining pressure, the volume of ballast can expand upon loading, and that
this behaviour is more pronounced for dense specimens. It was also revealed that the
rate of volume change at peak stress decreases with increasing cell pressure.
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Table 30. Angle of internal friction parameters used in Eqs. 7.25 and 7.26 for
‘fresh’ and recycled ballast
Gradation

A3

B3

A4

B4

A

22.143

-0.006

33.725

-0.0038

B

20.118

-0.0068

28.253

-0.0039

B

21.952

-0.0059

32.926

-0.0037

C

23.608

-0.0068

35.429

-0.0042

C

22.963

-0.0052

36.069

-0.0034

D

21.838

-0.0097

29.576

-0.0036

E

16.743

-0.0053

19.489

-0.0031

F

20.723

-0.0061

25.831

-0.0036

G

17.77

-0.061

22.811

-0.0038

The effect of maximum principal stress ratio (σ1’/σ3’)p on the rate of dilation is
illustrated in Figure 123, where the dilatancy factor (Dp) is defined by 1-(dεv/dεa)p
(Rowe, 1962). It is shown that the relationship between the maximum principal stress
ratio and Dp is highly non-linear for the range of applied σ3’. Although this seems to be
in contradiction with the somewhat linear variation presented by Bishop (1966) for CID
triaxial tests on sand, it may be noted that Bishop’s results were obtained for tests
conducted at much higher confining stresses that are not applicable to railway ballast. It
can be observed that independent of ballast type, initial packing and gradation larger
dilation rates (-dεv/dεa) are associated with high maximum principal stress ratios. It can
be concluded that the curvature of the shear strength envelope is related to the dilation
rate, particularly at small σ3’. Overall, higher level of dilation was exhibited by the
recycled ballast specimens at the same level of the maximum principal stress ratio when
compared with ‘fresh’ ballast specimens. The dilatancy was also higher for recycled
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Maximum principal stress ratio, (σ1'/σ3')p

Fresh ballast (Bombo quarry)
Gradation A, d50 = 44.2 mm
Gradation B, d50 = 39.2 mm
Gradation C, d50 = 30.3 mm
Gradation B, d50 = 39.2 mm
Gradation C, d50 = 30.3 mm

γ= 15.1 - 15.6 kN/m3
γ= 16.1 - 16.6 kN/m3

Recycled ballast
Gradation D, d50 = 39.2 mm
Gradation E, d50 = 30.3 mm
Gradation F, d50 = 42.2 mm

St Marys stockpile

Gradation G, d50 = 38.0 mm

Chullora stockpile

100

1
80
60

Dp =
(A5+ B5/ Rp)

A5= 0.505
B5= 5.402

Dp= 1.98

40
20

A5= 0.505
B5= 0.809

0

1

1.2

1.4

1.6

1.8

2

Dilatancy factor at peak stress, Dp= 1 - (dεv/εa)p

Figure 123. Strength-dilatancy relationship for ‘fresh’ and recycled ballast (after
Indraratna et al., 1998(b) and Ionescu et al., 2004)

ballast supplied from St Marys when compared with that supplied from Chullora for
specimens having the same gradation. The increase in dilation rate associated with
recycled ballast is attributed to the subrounded to subangular shape of grains.
Furthermore, the denser specimens of ‘fresh’ ballast displayed larger dilation level when
compared with specimens prepared at a lower density. It seems from Fig. 123 that the
non-linear variation of the dilatancy factor with the maximum principal stress ratio
becomes asymptotic to Dp = 1.98. For similar triaxial tests conducted on rigid granular
materials by Horne (1965), the measurements indicate a dilatancy factor less than 2. By
using a hyperbolic fit, the following equation is obtained to describe the relationship
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between the ballast dilatancy factor and the maximum principal stress ratio:

Dp =

1
A5 +

B5

(7.27)

Rp

where Dp is the dilatancy factor at the maximum principal stress ratio, Rp is the ratio of
principal stress at peak and A5, B5 are experimental constants sumarised in Table 31 for
tested materials.

7.3.1.7 Critical State of Ballast
The variations of deviator stress (q) with effective mean stress (p’) for a selected
gradation and initial density are shown in Fig. 124. The projection of critical state line
(CSL) in p’-q plane is also drawn in Fig. 124. Due to triaxial equipment limitation (run
of load piston) all tests were performed to 20 % axial strains. Hence, the critical state,
which is displayed at large axial strains (Hicher, 1998) could not be reached.
Consequently, to establish the position of CSL, it was necessary to employ a technique
described by Hicher (1998) based on Rowe (1962) observations. It should be observed
that all peak stress (yielding) points plot above CSL line, on the Hvorslev line, which
represents a state boundary for a given soil (Schofield and Wroth, 1968).

This

behaviour is characteristic to heavily overconsolidated specimens under compaction
effort. This explains the increase in volume displayed by all specimens at low level of
confining pressure. After yielding, the increase in volume causes the stresses to fall
back towards a residual value. However, due to limitations discussed above, the tests
end points plot close but above CSL. The slope of the critical state line gives the
Table 31. Dilation parameters used in Eq. 7.27 for ‘fresh’ and recycled ballast
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Gradation

A5

B5

r2

A

0.527

2.559

0.9786

B

0.542

2.288

0.9908

B

0.650

1.924

0.9975

C

0.508

3.277

0.9832

C

0.738

1.262

0.9784

D

0.411

3.174

0.8646

E

0.402

3.441

0.8937

F

0.476

1.788

0.9894

G

0.558

1.985

0.9971

Bombo quarry latite
Gradation B
d50 = 39.2 mm

1500

γ= 15.1 kN/m3
1

Deviator stress, q (kPa)

M
Critical State Line

1000

σ3' =
σ3' =

500

σ3'=
σ3'=
σ3'=
σ3'=
σ3'=
σ3'=

1
8
15
30
60
90
120
240

kPa
kPa
kPa
kPa
kPa
kPa
kPa
kPa

0
0

500

1000

Mean effective stress, p' (kPa)
Figure 124. p'-q plots for drained triaxial tests of ‘fresh’ ballast (gradation B)
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parameter M, which relates p’ and q at critical state (Schofield and Wroth, 1968). For
the current tests on ‘fresh’ and recycled ballast M values are presented in Table 32. M
values translate in friction angle at critical state, φ’cs, which are also summarized in
Table 32. Figure 125 shows the variation of void ratio (e) with mean effective stress
(p’) during shear. The projection of CSL on e-log(p’) plane is also shown in

Figure

125. Since Normal Compression Line (NCL) is assumed to be parallel in

e-ln(p’)

plots (Schofield and Wroth, 1968), the slope of CSL in Figure 125 can be used to find
the value of critical state parameter, λ. The λ values for both ‘fresh’ and recycled
ballast are summarized in Table 32.

7.3.1.8 Particle Breakage
As discussed in Section 2.5, the degree of particle crushing affects the deformation and
the ultimate strength characteristics of any ballast material, which in turn influences the
track performance. The grain breakage contributes to differential track settlement and
lateral deformation. Also, the long-term accumulation of fines and decreasing porosity
of ballast in certain depths can cause undrained failures during and after heavy rainfall.

Insertions of thin geotextile interfaces as specified in Section 5.3.4.1 enabled the
investigation of the characteristic degradation of basalt with depth. Figures 126 and 127
present the extent of particle crushing at selected confining pressure for both layers of
ballast specimens. The technique discussed in Section 7.2.8 was employed to present
the degradation index (Bg) equal to the sum of the positive values of ΔWk, expressed as
a percentage. The breakage of ballast grains increased with the increase of confining
pressure. This behaviour was expected as increased lateral confinement opposed lateral
deformation. Therefore, the ballast grains moved into more dense packing causing an
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Table 32. Parameters of CSL for ‘fresh’ and recycled ballast
Gradation

M

φ'cs (deg)

λ

A

1.997

48.51

-0107

B

1.999

48.56

-0.339

B

1.999

48.58

-0.332

C

1.992

48.40

-0.556

C

1.995

48.47

-0.549

D

1.965

47.75

-0.357

E

1.961

47.65

-0.345

F

1.949

47.36

-0.296

G

1.969

47.84

-0.201

1.10
σ3' =
σ3' =
σ3'=
σ3'=

1.05

σ3'=
σ3'=

1.00

σ3' =
σ3' =

1
8
15
30
60
90
120
240

Bombo quarry latite
Gradation B
d50 = 39.2 mm

kPa
kPa
kPa
kPa
kPa
kPa
kPa
kPa

γ= 15.1 kN/m3

Void ratio, e

0.95

0.90

Critical State Line

0.85

0.80

0.75

0.70

0.65
1

10

100

1000

Mean effective stress, p' (kPa)
Figure 125. Void ratio versus mean effective stress plots for ‘fresh’ ballast
(gradation B)
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Figure 126. Variation of particle distribution with grain size for ‘fresh’ ballast at
selected confining pressure, corresponding to each layer of ballast:

(a)

gradation A; (b) gradation B; (c) gradation C (after Indraratna et al., 1997)
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Figure 127. Variation of particle distribution with grain size for recycled ballast at
selected confining pressure, corresponding to each layer of ballast: (a) gradation D;
(b) gradation E; (c) gradation F; (d) gradation G (after Ionescu et al., 2004)

increase in the interparticle contact numbers and intensity of contact forces, which
resulted in a higher number of particles to crush.

Moreover, independent of the

confining pressure it seems that the breakage affects mainly the larger grains (26.5 - 75
mm) and the coarser gradation B for ‘fresh’ ballast and gradation for recycled ballast,
respectively. Table 33 presents the computed values of Bg for each layer of both ‘fresh’
and recycled ballast recorded at the end of the tests. It should be noted that on the
average, a greater extent of particle breakage occurs within the upper part of the
specimen.

This is clearly presented in Figs 126 and 127.

Given that the load

distribution is expected to be uniform throughout the depth of the triaxial specimen, the
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Table 33. Particle breakage index for both ‘fresh’ and recycled ballast for different
gradations, initial densities and confining pressures

Ballast type Gradation

A

B

Fresh
ballast
C

B

C

15.71

Confining
pressure
(σ3′)
(kPa)
15

15.60

Dry unit
weight
(kN/m3)

Grains crushing Bg (%)
Top layer Bottom layer

Total

2.42

2.09

2.26

60

4.10

4.07

4.09

15.62

240

7.61

6.72

7.17

15.27

1

1.12

0.91

1.01

15.20

8
15

1.05
1.03

1.11

15.40

1.16
1.35

1.19

14.68

30

2.07

2.01

2.01

15.38

60

3.21

3.19

3.21

14.94

90

4.51

4.73

4.62

15.32

120

6.11

6.5

6.31

14.86

240

9.92

10.2

10.06

15.62

1

1.50

1.36

1.43

15.39

8
15

1.46
2.26

1.49

15.41

1.52
2.66

2.46

15.63

30

2.39

1.99

2.19

15.64

60

4.51

4.38

4.45

15.39

90

6.27

4.99

5.63

14.93

120

8.25

6.57

7.40

15.62

240

8.37

7.24

7.81

16.40

15

1.44

1.03

1.23

16.31

60

3.40

3.19

3.30

16.42

240

10.96

10.20

10.58

16.52

15

2.85

2.26

2.56

16.58

60

4.78

4.38

4.58

16.61

240

8.90

7.24

8.07

16.61

1

0.29

0.26

0.27

16.74

8

0.37

0.29

0.33

16.28

15

1.23

1.06

1.15
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D

Recycled
ballast –
St Marys
stockpile

E

F

Recycled
ballast –
Chullora
stockpile

G

16.09

30

1.60

1.11

1.36

16.05

60

4.65

3.30

3.91

16.52

120

3.99

3.96

3.98

15.82

240

13.86

7.24

10.55

16.38

1

0.37

0.31

0.34

16.35

8

0.31

0.34

0.32

16.62

15

0.94

0.91

0.93

16.09

30

1.68

1.03

1.36

16.12

60

2.14

1.80

1.97

16.52

120

4.82

4.51

4.67

16.48

240

7.60

7.00

7.30

16.33

1

0.44

0.32

0.38

16.58

8

0.57

0.55

0.56

16.70

15

1.31

0.81

1.06

16.50

30

2.10

1.01

1.56

16.40

60

3.86

3.19

3.53

16.14

120

4.22

2.58

3.4

16.86

240

6.91

5.93

6.41

16.25

15

1.27

0.81

1.04

16.31

60

3.84

3.19

3.51

16.42

240

6.73

5.93

6.33

localised breakage of particles may be attributed to the non-uniform stress
concentrations caused by the angularity (sharp corners) of ballast. The particle breakage
occurs where contact stresses are maximum and often much larger than the applied
deviator stress, σ1’ - σ3’. The stress redistribution within a ballast specimen is very
difficult to predict, especially when the angular particles are not homogeneous. It may
also be possible that the geotextile could have introduced a ‘strain constraint’, whereby
the upper portion of the sample could have been subjected to a greater extent of shearing
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stress. Smaller particles subjected to small confining stresses are the least affected by
grain breakage.

Figure 128 illustrates the variation of the particle breakage index with the change in the
maximum principal stress ratio. The value of Bg was averaged over the entire length of
the specimen and varies from 1.01 % to 10.58 % for ‘fresh’ ballast, and from 0.27 % to
10.55 % for recycled ballast, respectively. At elevated level of confining pressure (Rp <
15) it seems that the effect of initial compaction, gradation and grains shape (ballast
type) on the degree of grains breakage is minimal. Not surprisingly, a greater extent of
degradation was observed for gradations C and E, due to the greater initial density upon
compaction. Furthermore, the crushing index computed for gradation A (as supplied) of
‘fresh’ ballast was intermediate in magnitude to that recorded for gradations B and C.
Recycled ballast showed a similar trend, however, at the same level of stress the effect
of gradation is insignificant. In addition, it was observed that the variation of particle
breakage index with the stress follows a non-linear relationship given by the following
equation:

( )

Rp = A 6 B g

B
6

(7.28)

where Rp is the maximum principal stress ratio, and A6 and B6 are empirical
coefficients. Table 34 presents the empirical coefficients that were determined for both
fresh and recycled ballast. Once the average value of Bg is known for a given type of
ballast, the allowable applied loads can then be estimated to prevent significant particle
degradation.
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γ= 15.1 - 15.6 kN/m3
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Gradation E, d50 = 30.3 mm
Gradation F, d50 = 42.2 mm
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50
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B7 = -0.221
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Gradation B, d50 = 39.2 mm γ= 15.1 - 15.6 kN/m3
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Recycled ballast

90

Gradation D, d50 = 39.2 mm
Gradation E, d50 = 30.3 mm
Gradation F, d50 = 42.2 mm
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0

2.5

5
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7.5

10

Particle breakage index, Bg (%)
Figure 128. Effect of stress variation on particle breakage for both ‘fresh’ and
recycled ballast (after Ionescu et al., 2004)
316

Chapter 7:

Results of monotonic and repeated loading tests- presentation and discussion

Table 34. Strength parameters used in Eqs. 7.28 and 7.29 for ‘fresh’ and recycled
ballast
Gradation

A6

B6

A7

B7

A

48.57

-0.947

84.22

-0.259

B

48.33

-1.039

69.93

-0.147

B

38.25

0.788

69.73

-0.137

C

29.88

-0.750

79.90

-0.217

C

40.137

-0.797

91.26

-0.278

D

180.82

-2.777

59.82

-0.082

E

590.02

-3.321

59.12

-0.072

F

333.2

-1.981

63.16

-0.117

G

470.0

-2.119

63.75

-0.124

Alternatively, the relationship between the friction angle and Bg can be defined as
follows:

( )

φ′p = A 7 B g

B
7

(7.29)

where A7 and B7 are empirical coefficients summarized in Table 34. Once the friction
angle is known for a given ballast, the corresponding particle breakage index, hence, the
maximum principal stress ratio can then be estimated using equations (7.28) and (7.29),
as illustrated diagrammatically in Fig. 128.

7.3.2 Drained Loading-Unloading-Reloading Behaviour
7.3.2.1 Stress-Strain Behaviour
The behaviour of the compacted ‘fresh’ railway ballast under loading-unloadingreloading process is presented in Figure 129. Specimens having gradation B and C
317

Chapter 7:

Results of monotonic and repeated loading tests- presentation and discussion

2500

Bombo quarry latite
Gradation B
d50 = 39.2 mm

(σ1'- σ3')
σ3' =
σ3' =

15 kPa
60 kPa
σ 3 ' = 240 kPa

γ= 15.1 kN/m3

Deviator stress, (σ1'- σ3') (kPa)

2000

1500

1000

500

0
0

5

10

15

20

Axial strain, εa (%)

(a)
2500

Bombo quarry latite
Gradation C
d50 = 30.3 mm

(σ1'- σ3')
σ3' =
σ3' =

15 kPa
60 kPa
σ 3 ' = 240 kPa

γ= 15.5 kN/m3

Deviator stress, (σ1'- σ3') (kPa)

2000

1500

1000

500

0
0

5

10

15

20

Axial strain, εa (%)

(b)
Figure 129. Stress-strain behaviour of ‘fresh’ railway ballast during loadingunloading-reloading tests: (a) gradation B; (b) gradation C
318

Chapter 7:

Results of monotonic and repeated loading tests- presentation and discussion

were subjected to three cycles of the above process under confining stress of 60 kPa and
120 kPa and to six cycles of loading-unloading-reloading at a confining pressure of 240
kPa. It can be seen in this figure that only a small portion of the strain is recoverable
(elastic) and the rest of the strain is irrecoverable (plastic). This observation highlights
the elasto-plastic behaviour of railway ballast discussed also in Section 7.2.6. The
elastic strains are mainly due to the elastic deformation of the individual solid particles
and the plastic strains are caused by the deformations resulting from sliding, crushing
and rearrangement of the particles as shown in Section 2.4.7. However, the strains
produced at very low stress levels are mainly elastic since the particle slippage by
loading and unloading from such a low stress level is very small (Fig. 130). The stressstrain curves during unloading and reloading follow essentially the same linear path with
small hysteresis loops. It was also observed that after few cycles of unloading and
reloading the slopes of the stress-strain curves become steeper and the hysteresis loops
become slightly larger as the stress level increases (Fig. 130).

The loading-unloading-reloading process caused further packing of ballast specimens.
As a consequence, at lower confining pressure the peak deviator stress was developed at
a higher level of axial strains as summarized in Table 35. The departure from this trend
at higher σ3’ (240 kPa) could be the result of a larger number of loading-unloadingreloading cycles to which the specimens were subjected to. Furthermore, it should be
mentioned that overall the volumetric strains (Table 35) recorded at peak shear stress
were compressive strains.

7.3.2.2 Stiffness Characteristics
The unloading-reloading modulus (Eur) was plotted in Figure 131 for both gradations as
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Figure 130. Stress-strain variation of railway ballast during initial loading stage of
loading-unloading-reloading tests: (a) gradation B; (b) gradation C
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Table 35. Strains at peak shear stress during loading-unloading-reloading tests

Gradation

B

C

Peak shear Axial strains Volumetric
stress
% strains (εv) %
(εa)
(σ1′-σ3′)max
(kPa)
690.2
12.17
0.38

15.37

Confining
pressure
(σ3′ )
(kPa)
60

15.23

120

883.9

13.91

0.49

15.46

240

1764.1

13.51

0.45

15.58

60

695.3

8.73

0.39

15.56

120

900.9

13.91

0.51

15.47

240

1754.9

13.62

0.46

Dry unit
weight (γd)
(kN/m3)
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Figure 131. Relationship between unloading-reloading modulus and confining
stress for ‘fresh’ ballast

a function of the confining pressure. The initial modulus of deformation displayed by
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the two gradations is also presented for comparison purpose. An approximate linear
relationship was found between Eur and the confining stress in double-logarithmic
scales. This is in good agreement with the formula suggested by Duncan and Chang
(1970) of the form:

E ur = K ur

⎛ σ′ ⎞
p a ⎜⎜ 3 ⎟⎟
⎝ pa ⎠

n′

(7.30)

where, Kur is the modulus number, n' is an exponent and pa is the atmospheric pressure.
For ‘fresh’ ballast the values of modulus number and exponent are 544.61 and 0.449 for
gradation B and 702.31 and 0.456 for gradation C, respectively (Fig. 131).

This

modulus, Eur, can be used to predict the stress-deformation characteristics of railway
ballast under cyclic loading in similar manner as it was previously employed for sand
and rockfill (Lade, 1980; Parkin and Adikary, 1981). On the other hand, the exponent
(n) in Eq. (7.30) was found to be essentially the same as the exponent (b’) of the initial
tangent modulus (Ei) for primary loading (Eq. (7.21)), whereas the modulus number
(Kur) is much higher than that of the primary loading (a’) (Duncan and Chang, 1970).

7.3.2.3 Grains Crushing
The extent of particles degradation during the loading-unloading-reloading was
monitored for each gradation and each test using the method specified in Section
5.3.4.4. The results are summarized in Table 36. It should be observed that the extent
of grains crushing is dependant on the confining pressure and a higher σ3’ caused a
larger degree of particles degradation. This variation fits quite well the proposed power
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Table 36. Particle breakage index for ‘fresh’ ballast during loading-unloadingreloading tests

Gradation

B

C

Grains crushing Bg (%)
Top layer

Bottom layer

Total

15.25

Confining
pressure
(σ 3′ )
(kPa)
60

3.12

3.10

3.11

15.06

120

6.96

4.36

5.67

14.99

240

11.519

9.97

10.75

15.60

60

4.36

4.24

4.30

15.26

120

7.48

5.96

6.72

15.64

240

7.97

8.64

8.30

Dry unit
weight
(kN/m3)

relationship described by Eq. (7.28). The coefficients A6 and B6 corresponding to
loading-unloading-reloading tests and used with Eq. (7.28) were found to be 15.95 and 0.289 for gradation B and 33.38 and -0.670 for gradation C, respectively. It is also
obvious from the results in Table 36 that the upper part of the ballast specimens
displayed a greater extent of grains breakage. It is believed that, as for CID tests the
source of this behaviour is in the non-uniform distribution of stress in the upper part of
the specimens. Furthermore, coarser gradation B displayed a higher Bg in comparison
with gradation C.

7.3.3 Triaxial Undrained Shear
7.3.3.1 Effective Stress Path
Figure 132 illustrates the effective stress paths of ‘fresh’ ballast sheared under
undrained condition. Three isotropic pre-shear consolidation stresses (po) of 60, 120
and 240 kPa were applied to specimens having gradation B and C, and an initial unit
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Figure 132. Undrained stress path of ‘fresh’ ballast: (a) gradation B; (b) gradation C
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weight of 15.1 kN/m3 and 15.5 kN/m3, respectively.

The shape of the undrained

(effective) stress paths for specimens sheared at different consolidation stresses is
somewhat similar to each other. Furthermore, the shape of undrained (effective) stress
paths is similar to those for heavily over-consolidated soils in the low strains range used
during this research. This was expected due to the compaction effort imparted to the
specimens on preparation. It is also noted that the failure envelope of ‘fresh’ ballast falls
on almost the same line in (q, p) plane. The line, which governs the yielding of heavily
overconsolidated soils is called the Hvorslev surface and represents a state boundary for
a given soil (Schofield and Wroth, 1968). Furthermore, after yielding the stress path
continues with further straining along this straight line until a turning point in the stress
path is reached. It seems that these turning points fall all along a straight line that passes
through the origin of p-q space. This line is the critical state line (CSL), and a point on
this line defines a stress state at which unlimited shear distortion occurs without an
increase in the shear stress or without change in the volumetric strains (Schofield and
Wroth, 1968).

However, the similarity in the shape of the effective stress paths may depend on the
stress level as well as the particle size distribution of the ballast specimens. Specimens
with gradation C showed slightly higher values for the peak deviator stress in all of the
undrained shear tests. Figure 133 shows the state paths followed by all the test samples
in a (q/pe, p/pe) plot. Here the stress parameter, pe, is the mean equivalent stress
(Burland, 1965), which corresponds to the pre-shear consolidation (isotropic) stress (po)
in an undrained test. It is expressed as:

pe = po exp [(eo-e)/λ]
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Figure 133. Normalized stress paths with respect to po (pe) during undrained shear
tests on ‘fresh’ ballast: (a) gradation B; (b) gradation C
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where eo is the void ratio on the isotropic consolidation line and λ is the slope of the
isotropic consolidation line in the (e-ln p) plot.

Unlike the normally consolidated (cohesive) soils, the undrained stress paths cannot be
normalized with respect to the pre-shear consolidation stresses. The values of q/pe or
p/pe are higher as the pre-shear consolidation stress decreases. It is believed that this

may be due to specimens being heavily over-consolidated from compaction energy.
Another reason may be the susceptibility of the fully saturated granular material to
structural breakdown under undrained loading (Bishop, 1966).

7.3.3.2 (q-u-εs) Relationship
Figure 134 shows the relationship between deviator stress and shear strain. In this
figure the deviator stress is found to increase with the increase in the pre-shear
consolidation (isotropic) stress (po). The deviator stress required to shear gradation C
was higher than that required for gradation B due to its relatively larger number of
grains fractions that interlocked better providing higher resistance to shear strains.
However, independent of the gradation of ballast specimens, the peaks of the curves are
relatively well-defined for elevated confining pressure (120 kPa, 240 kPa) being reached
(for both gradations) at less than 12 % shear strain. In contrast, at lower confining stress
(60 kPa) used in this research, the stress strains curves show a peak only in the vicinity
of 15 % of shear strains. Perhaps this is due to lower resistance that opposes the lateral
deformation of specimens under loading. Overall, beyond the peak stress an increase in
shear strain was associated with a gradual decrease in the shear stress.

The relationships between pore pressure and shear strain are also shown in Fig. 134.
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Figure 134. (q-u-εs) relationships of ‘fresh’ ballast during undrained shear tests:
(a) gradation B; (b) gradation C
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The pore pressure increases rapidly in the small range of shear strain (up to 2 %), and
then it decreases at a higher rate up to about 10 % shear strain, beyond which it tends to
maintain a constant value.

It should be mentioned that independent of gradation

negative pore pressure was developed at relatively lower shear strains (7 %) in all
specimens sheared at lower confining pressure (60 kPa, 120 kPa). However, specimens
sheared at elevated confining stress (240 kPa) developed negative pore pressure at about
shear strains of 15.3 % for gradation B and 10.6 % for gradation C, respectively.
Overall, independent of gradation the magnitude of u increases with an increase in po.
Furthermore, it seems that the (q-u-εs) relationships of the ‘fresh’ ballast fit between the
behaviour of loose sand and dense sand discussed in Section 2.4.

7.3.3.3 (η−εs) Relationship
The plots of stress ratio (q/p) against the shear strain during undrained shear are
presented in Fig. 135. It is evident that the (η−εs) relationship is dependent on the preshear consolidation stress. In the initial range (up to 3 %) the shear strain at a particular
stress ratio was larger as the pre-shear consolidation stress increased. However, the
(η−εs) relationship becomes almost identical when the stress ratios of about 1.97 for
gradation B and 2.04 for gradation C were reached. This may imply that the equal shear
strain contours show a very pronounced curvature at low stress rations, which tend to
diminish when a high stress ratio is mobilized. Also the transformed plot of (εs/η)
against εs was found (with a small scatter towards the origin of plots) to be a straight
line, which passes through the origin.
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Figure 135. (η- εs) relationships of ‘fresh’ ballast during undrained shear tests: (a)
gradation B; (b) gradation C
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7.3.3.4 (u-η) Relationship
The variation of the measured pore pressure with the stress ratio (q/p) for six undrained
tests are shown in Fig. 136. Contrary to findings reported by Bishop (1966) and Lee
(1986) for silty-sand and rockfill, the trend of (u-η) seems to be nonlinear. This
nonlinearity is associated with the extensive grains crushing recorded for uniform,
coarser gradation characteristic to railway ballast. Furthermore, it should be noted that
beyond a transition stress ratio the pore water pressure decreased continuously with
increase in the stress ratio due to negative pore pressure developed during the tests. It is
obvious from Fig. 136 that the variation of (u-η) is highly dependant on the pre-shear
consolidations stress (po). The intercept of the variation of η-u on the η-axis seems to
be caused by the over-consolidation due to the compaction energy.

7.3.3.5 Comparison between Drained and Undrained Behaviour
Specimens prepared to two gradations (B and C) were subjected to both drained and
undrained shear. The range of confining stress used for the drained test was from 1 kPa
to 240 kPa. However, for the undrained tests only three pre-shear consolidation stresses
(60 kPa, 120 kPa and 240 kPa) were employed. Therefore, the comparison is limited to
gradation B (15.1 kN/m3) and gradation C (15.5 kN/m3).

The stress points corresponding to both the peak stress ratio for drained and undrained
shear tests and the maximum deviator stress during undrained shear are presented in Fig.
137. It should be noted here that the definition for the failure of an undrained test is
rather controversial because the point of the maximum stress ratio and the maximum
deviator stress do not coincide (Fig. 137). The point of the maximum deviator stress is
found to be below the envelope of the maximum stress ratio as shown in Fig. 137.
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Figure 136. Relationships between pore water pressure and stress ratio of ‘fresh’
ballast: (a) gradation B; (b) gradation C
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Figure 137. Points of maximum stress ratio and peak deviator stress in undrained
tests: (a) gradation B; (b) gradation C

Thus, at the maximum stress ratio the mobilized angle of internal friction ranges from
49.4° to 74.5° for gradation B, and from 50.8° to 61.7° for gradation C, respectively. At
the same time the mobilized φ' at the maximum deviator stress varies from 47.6° to 48.9°
for gradation B, and from 48.0° to 57.5° for gradation C, respectively. In addition, the
envelope of the peak stress ratio shows similar curvature to the envelope for the
maximum deviator stress in (q, p) plane.

The comparison of the results from drained and undrained shear is presented in Fig. 138
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Figure 138. Comparison of peak deviator stress points between drained and
undrained tests: (a) gradation B; (b) gradation C

in terms of peak stress envelope. At low stress levels employed in this research it was
found that the envelope for the peak stress ratio was curved for both drained and
undrained results.

Also, the envelope of the maximum stress ratio followed by

undrained tests is almost identical to that obtained from drained tests. This observation
implies that railway ballast also follows the concept of the critical state theory. The
observed (η-εs) relationships for both undrained and drained tests are compared in
Figure 139 for the pre-shear consolidation stresses of 60 kPa, 120 kPa and 240 kPa. Up
to about 10 % shear strain, independent of gradation and pre-shear consolidation stress,
at any particular stress ratio the shear strain measured from drained test is greater than
that measured from undrained tests. However, this tendency changes at higher shear
strains.
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Figure 139. (η−εs) relationships of ‘fresh’ ballast during drained and undrained
tests: (a) gradation B; (b) gradation C
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7.3.3.6 Particles Degradation during Undrained Shear
The extent of particles degradation during the undrained shear was monitored for each
gradation and each test using the method specified in Section 5.3.4.4. The results are
summarized in Table 37. It should be observed that the extent of grains crushing is
dependant on the pre-shear consolidation stress and a higher po caused a larger degree of
particles degradation. It is also obvious that the upper part of the ballast specimens
displayed a greater extent of grains degradation. Similar observations were done during
the CID and loading-unloading-reloading tests. The source of this behaviour is in the
non-uniform stress concentration at interparticles contacts of highly angular grains. The
stress level at the contact points is much higher than the shear stress and can cause the
collapse of ballast grains. The grains crushing is more enhanced in the larger grains
(D > 20 mm), whereas smaller particles seem to be the least affected by grain breakage.

Figure 140 presents the variation of particles breakage with the shear stress during
undrained shear tests. For comparison, the results of drained shear on gradation B and C
are presented as well. It should be noted that the specimens when sheared in undrained
conditions also exhibit the general trends observed for drained tests. An increase in the
pre-shear consolidation stress was associated with a larger extent of particle breakage.
At the same level of stress ratio gradation C was subjected to a greater extent of particle
degradation due to its initial denser packing. The same magnitude of Bg requires a
higher stress ratio for gradation C than gradation B, implying that the stress distribution
at interparticle contacts is more uniform in gradation C that has an initial broader
gradation. For the range of pre-shear consolidation stress utilized in this research it
seems that gradation C (broader gradation) is less affected by the undrained shear
conditions. Thus, at the same maximum stress ratio just a slight increase in the
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Table 37. Particle breakage index for ‘fresh’ ballast for different gradations and
pre-shear consolidation stress

Gradation

B

C

Grains crushing Bg (%)
Top layer

Bottom layer

Total

15.25

Confining
pressure
(σ 3′ )
(kPa)
60

1.37

1.21

1.10

15.06

120

2.24

4.67

3.36

14.99

240

6.64

6.39

6.20

15.60

60

5.09

3.81

4.15

15.26

120

8.09

7.73

7.77

15.64

240

8.01

7.89

7.79

Dry unit
weight
(kN/m3)

magnitude of Bg was observed for the specimens subjected to undrained shear than for
the ballast specimens sheared in drained conditions. In addition, the rate at which Bg
increased with po is higher for gradation B having a coarser gradation. The stress ratio
required to produce the same extent of grains degradation is lower for gradation B than
gradation C. These observations explain the rapid drop of peak friction angle observed
for gradation B, previously discussed and clearly presented in the lower part of Fig. 140.
The variation of Bg with maximum stress ratio can be described by a power relationship
as follows:

η max

( )B

= A 8 Bg

8

(7.32)

where A8 and B8 are empirical coefficients summarized in Table 38. It should be
mentioned that the relationship given in Eq. (7.29) that describes the variation of angle
of internal friction with the magnitude of index of particle breakage for drained shear
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Figure 140. Effect of undrained shear on particle breakage for ‘fresh’ ballast
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Table 38. Strength parameters used in Eqs. 7.29 and 7.32 for ‘fresh’ ballast
Test type
CID

CIU

Gradation

A7

B7

A8

B8

B

69.93

-0.147

2.77

-0.135

C

79.90

-0.217

3.04

-0.177

B

76.10

-0.239

2.66

-0.166

C

95.94

-0.310

3.08

-0.174

can be employed to describe the behaviour of ‘fresh’ ballast during undrained shear.
The corresponding empirical coefficients are also presented in Table 38.

7.4 SUMMARY OF FINDINGS
7.4.1 One Dimensional Confined Compression Tests
The results from 1-D compression tests confirm that:
•

the amplitude and type of loading (constant, variable and repeated) determine the
extent of the short-term settlements;

•

a rapid loading at a higher amplitude caused larger initial settlements;

•

long-term settlements were not affected significantly by the loading pattern;

•

the increase in the degree of compaction considerably reduced the final settlement,
irrespective of the loading pattern; with respect to field conditions, these findings carry
important implications, because, differential settlements along the ballasted tracks due to
passage of trains are directly related to the current ballast densities, especially after track
maintenance;

•

the settlement was found to increase with the number of loading-unloading cycles,
according to a logarithmic function.
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Also, the test results indicate that the deformation mechanism of latite ballast at low
stress levels (applicable to railways) can be described by the total volume change
resulting from the compression of the ballast structure. A new model was proposed to
describe the 1-D strain response of ballast upon axial loading, defined by two
parameters, namely, the void ratio and the apparent stiffness.

These parameters

represent the intercept and the inverse of the slope of the implied linear relationship
between the void ratio and the axial stresses. This model is useful in the estimation of
the settlements of ballast specimens subjected to static loading.

Irrespective of the loading pattern, the ballast degradation was less in the bottom layer in
comparison with the top layer. This is believed to be due to reduced axial stresses
towards the bottom of the consolidation cell. At a given compacted density, the extent
of particle breakage is affected by the loading pattern. Similar situations have been
encountered in railway tracks, where measured stresses decrease from the top (ie. near
the ballast-sleeper interface) to the bottom of ballast bed. Also, addition of water to the
latite ballast during the loading process affected both its deformation and degradation
characteristics. An initial sudden settlement is expected when a dry specimen of ballast
is saturated under load. The breakage of saturated particles is generally pronounced
closest to the axial (compressive) load application.

The 1-D compression tests provide important information with regard to the
compression and degradation of typical ballast samples. However, due to the significant
cell wall confinement, the measured particle degradation and the settlement behaviour
are representative only for railway tracks laid on bridge decks.
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7.4.2 Cylindrical Triaxial Tests
The tests results presented in this Chapter verify that:
• at low level of confining pressure employed during the tests, all specimens, independent

of type of ballast, gradation and drainage conditions, displayed stress-strain trends
characteristic to the overconsolidated materials, which is due to compaction effort
imparted on specimens preparation;
• the shear strength and the degree of degradation (breakage), whilst influenced by the

particle size distribution of the ballast, angularity of grains (ballast type), and the degree
of packing (initial density), mostly are affected by the applied confining pressure, that is
independent of draining conditions;
• the deformation and shear behaviour of railway ballast at low levels of confining

pressure (< 100 kPa) depart significantly from the behaviour at larger confining
pressure, independent of ballast type, gradation, initial packing and drainage conditions
used in the tests;
• at low levels of confining pressure (< 100 kPa) the behaviour of recycled ballast depart

from those of ‘fresh’ ballast, however at high confining pressure the behaviour of ballast
is not affected significantly by the ballast type;
• slight reduction of the shear strength was observed for the undrained shear when

compared with the drained shear;
• for the same shear strength the breakage of particle was higher during the undrained

shear when compared with the drained shear;
• the angle of internal friction is a function of the confining pressure, where pronounced

non-linearity of the strength envelope is evident at σ3’ < 100 kPa;
• the initial deformation modulus can be increased substantially by a less than
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proportional increase in the confining pressure, especially at the lower stress range (1 100 kPa); this suggests the importance of efficient track maintenance by ensuring a full
and compacted crib between the sleepers and high shoulders at all times.
• the enhanced dilatant behaviour of ballast during shearing at low σ3’ is associated with

an increase in the maximum principal stress ratio;
• the rate of dilatancy is related to the degree of particle degradation;
• at high σ3’ values where dilation is suppressed, the breakage index, Bg increases

substantially;
• under loading-unloading-reloading test conditions the ballast stiffness and grains

crushing increased with the number of load repetitions and are dependent on the
confining pressure;
• undrained conditions highly affect the behaviour of railway ballast;
• particle breakage increased with additional numbers of load repetition;
• overall, the shear strength of recycled ballast is quite acceptable;
• at similar level of confining pressure the recycled ballast displayed higher degree of

particle crushing and a higher rate of dilation (expansion); however, due to larger lateral
deformation (eg. lateral flow of crib and shoulder ballast in the field) and the associated
degradation its application needs to be considered carefully.

A modified non-linear shear strength criterion that incorporates the uniaxial compressive
strength of the parent rock, was introduced to describe the behaviour of ballast. It
proved to fit well the obtained data and it can be employed for the preliminary
design of tracks.
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The CID triaxial test results provide valuable information on the stress-strain behaviour
and the degradation characteristics of both ‘fresh’ and recycled ballast, however, under
static loading conditions. The behaviour of railway ballast under dynamic loading under
true triaxial tests conditions is presented and discussed in Chapter 8.
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CHAPTER 8
PRESENTATION AND DISCUSSION OF
RESULTS OF DYNAMIC LOADING
TESTS
8.1 INTRODUCTION
The test program discussed in Chapter 5 was designed to enable a thorough evaluation
of the stress-strain, deformation and degradation characteristics of railway ballast during
various loading. This chapter summarises the results of the cyclic loading tests. Firstly,
a discussion on the deformation and degradation characteristics observed during the
dynamic tests on both ‘fresh’ and recycled ballast is covered. Then a comparison
between the observed behaviour during the monotonic tests and the characteristics of
railway ballast during cyclic loading tests is presented. The implications of the results
of the test program are presented in Chapter 9.
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8.2 RESULTS AND DISCUSSION
The deformation and degradation of ballast under dynamic triaxial loading of a ballasted
track model (800x600x600 mm) was studied using the large scale, prismoidal triaxial rig
of which layout was presented in Section 4.2.3. The feature of this novel device is that
upon vertical loading, the sides of the equipment are allowed to move with the lateral
flow of ballast.

Therefore, this facilitates ideal physical modelling of ballast

deformation under realistic dynamic loading. The test program, presented in Section
5.3.5.3, was designed to determine the performance of both ‘fresh’ and recycled ballast,
in relation to the number of load cycles and load magnitude.

The results show

deformation and degradation trends associated with each type of ballast. The changes
caused by the load magnitude and number of load cycles were identified. Some of the
findings presented in the following sections have already been reported elsewhere
(Ionescu et al., 1998(a); Indraratna et al. 2000; Indraratna et al., 2001; Ionescu et al.,
2004).

8.2.1 Ballast Settlement Behaviour
‘Fresh’ and recycled ballast specimens prepared to gradation A, F and G having the
initial unit weight of 16.2 kN/m3, 16.8 kN/m3 and 16.3 kN/m3 were subjected to cyclic
loading. The maximum load intensity of the applied cyclic load of 73 kN and 88 kN,
respectively was selected to produce the same average contact stress at the sleeperballast interface (459.6 kPa and 562.2 kPa, respectively) as in the track for typical 25
tonne/axle and 30 tonne/axle traffic load. The decision to use these axle loads is that the
Rail Infrastructure Corporation of NSW intend an upgrade of the allowable axle load on
their railways lines, from 25 tonne/axle (currently used) to 30 tonne/axle, especially on
the coal haul lines. The field sleeper-ballast contact pressure was estimated employing
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the theory and material characteristics presented in Section 5.3.3.3.d.

Due to the

limitations of the monitoring equipment, the cyclic loading was halted at selected
number of load cycles, and the readings of settlement, walls movement and loading
magnitudes were recorded.

As discussed in Section 5.3.5.3.b it was decided to perform the tests at a lower
frequency, 15 Hz, that is expected for trains travelling at 80 km/h (freight trains),
assuming 600 mm sleepers spacing (specified by TS 3402-83) for a typical 1.5 m wheel
spacing for standard rolling stock bogies used in NSW. The loading system was set to
cycle between the assumed maximum amplitude and a minimum setting load of 10 kN
that allows for the self weight of superstructure. The first 10 cycles of loading, were
applied at a lower frequency (1 Hz) in order to enable the data collection. The total
number of cycles (up to one million) was selected to be compatible with 60 MGT of the
typical traffic on main lines in NSW.

Based on the behaviour of recycled ballast observed during monotonic loading, it was
decided to use only recycled ballast supplied from Chullora stockpile, which showed a
better stress-strain performance in comparison with recycled ballast supplied from St
Marys stockpile. Nevertheless, for comparison purpose a single test was performed to
500000 cycles of load on recycled ballast supplied from St Marys stockpile.

All tests were performed on air-dried specimens, which had less than 1 % absorbed
water. All specimens were subjected to consolidation for 48 hour prior to loading to
stabilize the sleeper and ballast, and to serve as the reference for all settlement and
lateral movement measurements.

The vertical load applied to the sleeper segment
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during consolidation, produced a 65 kPa contact pressure at sleeper-ballast interface
(σ1’).

The lateral pressure on the device walls was 30 kPa in the direction of

intermediate principal stress (σ2’) or perpendicular to the sleeper and 7 kPa in the
direction of minor principal stress (σ3’) or along the sleeper.

Under consolidation pressures the recycled ballast specimens developed on the average
25 % higher volumetric strains (εv = ε1 + ε2 + ε3) than the ‘fresh’ ballast. This was
somehow anticipated due to reduced angularity (rounder edges and smoother texture)
exhibited by recycled ballast grains. Besides, similar behaviour was observed during
monotonic loading. Gradation F of recycled ballast (supplied from St Marys) showed
slightly higher volumetric strains due to a 35 % by weight content of crushed gravel
having rounder grains, although quite rough texture.

Figures 141 and 142 present the settlement for ‘fresh’ and recycled ballast under cyclic
loading for the employed axle load. The reported results represent the difference of
deformation monitored under the load application at point 25 on the capping layer
surface and point 74 on the surface of load-bearing ballast (Section 4.2.3.5). The
deformation characteristics of load bearing ballast under cyclic loading are highly
nonlinear, and depend on the stress state. As expected, for the same axle load, an
average 33 % higher settlement was recorded for specimens prepared with recycled
ballast when compared with those prepared with ‘fresh’ ballast. This is a consequence
of its reduced angularity (due to wearing in service). It is possible that the presence of
micro-cracks in the grains of recycled railway ballast contributed to the increased total
settlement when compared to specimens comprising fresh ballast.
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Figure 141. Variation of settlement with number of load application for ‘fresh’
ballast (after Ionescu et al., 1998(a))
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Figure 142. Variation of settlement with number of load application for recycled
ballast (after Ionescu et al., 2004)
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It is clear from Figs. 141 and 142 that all specimens, independent of the type of ballast
and axle load, show a rapid increase in settlement at the initial stages of loading, but
stabilise within about 100000 load cycles. This behaviour reminds of that observed
during the repeated loading of ballast in 1D-compression and loading-unloadingreloading triaxial tests discussed in Sections 7.2.6 and 7.3.2. Certainly, this is caused
by the dynamic packing of the aggregates, which is similar to the stabilisation phase that
takes place on new tracks or on recently maintained tracks. During this stage only
coarser grains are subjected to degradation, ie. sharp edges are subjected to breakage.
Therefore, this phenomenon can be termed as ’fine degradation’. Upon further loading
(beyond 105 load cycles), additional settlement accumulates at a diminishing rate. The
subsequent much smaller settlement with the number of loading cycles is the result of
further densification of grains, which generate new contacts between the idle particles
and the rest of specimen skeleton. Therefore, secondary breakage of large, angular
particles and lateral deformation of ballast are observed at this stage.

8.2.2 Effect of Load Variation on Sample Deformation
The importance of load amplitude to deformation of the ballast bed is obvious, with
regard to short and long term settlement (Figs. 141 and 142). It is observed that a 20 %
increase in axle load produced an increase of about 20% to the short term plastic
deformation and of 28 % to the long term settlement of ‘fresh’ ballast. When the load
amplitude is varied during the test (from 25 t/axle to 30 t/axle), a further residual
deformation is produced, as shown in Figure 141, which represents about 20 % of the
final plastic deformation. For the recycled ballast specimens, the 20 % increase in the
axle load caused a 45 % increase of short term settlement and a 32 % increase of the
long term permanent deformation.
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Figure 142 also presents the settlement of gradation F of recycled ballast supplied from
St Marys stockpile under a 25 tonne axle load to a limited number of load cycles. The
settlement at the end of the test (at 500000 cycles of load) was slightly higher (4 %
higher) than that recorded on gradation G of recycled ballast (supplied from Chullora
stockpile) for the same N. The higher settlement developed by gradation F is due to
crushed gravel that this recycled ballast contains (35 % by weight), which permits higher
relative movement of grains upon loading.

8.2.3 Effect of Number of Load Cycles on Deformation
As discussed in Section 2.4.8.2 several relationships were proposed to describe the
plastic deformation of railway ballast. Often the settlement of the track is assumed
proportional to the logarithm of the number of axles or total tonnage. However, Shenton
(1985) showed that this approximation is characteristic to short-term settlement and in
long-term can produce significant settlement underestimation. Furthermore, Selig and
Waters (1994) reporting field measurement proved that a semi-log relationship would
underestimate the plastic deformation proposing a power relationship for the settlement
variation with number of load cycles.

Figures 143 shows the ballast settlement-load cycle data plotted in a semi-logarithmic
scale. This indicates that the settlement did not quite follow a logarithmic pattern.

Fig.

143 also shows how this compares with the commonly used formulae for predicting
track settlement (by ORE (1970), Alva-Hurtado and Selig (1981), Shenton (1985), Selig
and Devulapally (1991) and Sato (1995)), Eqs. (2.19), (2.21), (2.22), (2.23) and (2.24),
respectively, with unknown constants back calculated to give a best fit with the observed
settlement.
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Figure 143. Observed settlement during cyclic loading of ‘fresh’ compared with
outputs from predictive formulae

As can be seen, none of the formula accurately predict the actual settlement, although
for a first approximation the logarithmic settlement prediction (ORE, 1970) is a useful
description. This indicates that the previously proposed relationships do not account for
all events that occur during the cyclic loading of both ‘fresh’ and recycled ballast. The
observed settlement on both ‘fresh’ and recycled ballast is presented in the conventional
semi-logarithm graphs in Figures 144 and 145. A thorough examination of Figs. 144
and 145 show that during the initial rapid development of plastic deformation (up to
100000 cycles of load) the rate of settlement accumulation increases suddenly around
1000-2000 cycles of load. A similar rapid increase of the rate of accumulation of
permanent deformation is observed towards 700000 cycle of load. Therefore, sN-log N
curve show pronounced double-s shape. These points of sudden increase in the
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Figure 144. Variation of settlement of ‘fresh’ ballast with log N
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Figure 145. Variation of settlement of recycled ballast with log N
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settlement rate are associated with development of extensive grains degradation
discussed earlier. The curvatures are more pronounced in the initial stage of loading and
for ‘fresh’ ballast. This behaviour is expected as the ‘fresh’ ballast is more angular,
hence, prone to more fine degradation (chipping of sharp edges of coarser grains) during
this stage of loading. Other researchers as well (ORE, 1970; Sato, 1995; Key, 1998)
reported this behaviour. However, only Sato (1995) accounted for these changes in the
rate of settlement accumulation, although, Sato did not associate the large deformation
rate with the degradation that the ballast is subjected to. It was observed that the
variation of plastic deformation with the log (log N) could be described by the following
relationship:

sN = α1(log N)6+α2(log N)5+α3(log N)4+α4(log N)3+α4(log N)2+α5(log N)+s1

(8.1)

where sN is the settlement after N load cycles, s1 is the settlement after the first cycle of
load, and α1, α2, α3, α4, α5, and α6 are empirical coefficients obtained from non-linear
regression.

Table 39 summarises values of s1 and α1, α2, α3, α4, α5, and α6

corresponding to each ballast type and axle load. It is clear from the presented data that
independent of ballast type a higher load caused a higher rate (higher coefficients α1 to
α6) of accumulation of ballast deformation. The predicted settlement under cyclic
loading employing Eq. (8.1) is also presented in Figs. 144 and 145. It should be noted
that, after 500000 cycles of load, when the load was changed from 73 kN to 88 kN, the
plastic deformation of ballast specimen changed from the variation rate observed for
lower load (25 tonne/axle) to the rate of variation observed for higher load (30
tonne/axle). Furthermore, the rate at which the permanent deformations of gradation F
(recycled ballast supplied from St Marys stockpile) developed was similar to that
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Table 39. Settlement after first load cycle and constants used in Eq. 8.1 for ‘fresh’
and recycled ballast
Dry unit
s1
Ballast type Axle
load (t) weight3 (mm)
(Gradation)
(kN/m )

Bombo latite
(A)

Recycled Chullora
stockpile (G)
Recycled St Marys
stockpile (F)

α1

α2

α3

α4

α5

α6

25

16.3

3.40

0.025 -0.466 3.184 -9.903 13.884 -6.238

30

16.1

4.41

0.033 -0.609 4.123 -12.72 17.839 -8.485

3.50

0.007 -0.159 1.245 -4.381 6.846 -2.785

25/30

16.2
4.41

0.033 -0.609 4.123 -12.72 17.829 -8.485

25

16.4

7.63

0.042 -0.872 7.001 -27.025 49.812 -32.931

30

16.3

9.92

0.027 -0.517 3.832 -13.61 23.083 -13.237

25

16.5

8.54 -0.005 0.071 -0.256 -0.279 3.163 -3.101

monitored for gradation G (recycled ballast supplied from Chullora stockpile).
However, it is clear from Fig. 145 that at 500000 cycles of load gradation F showed
slightly higher settlement when compared with gradation G.

Field measurements indicate that the total settlement of railway tracks is a combined
effect of the deformation of the various aggregate layers of the substructure. Using the
settlement plates placed at different points within the specimen (Section 5.3.5.2.b) it
was possible to estimate the ballast contribution to the total settlement recorded during
the test. Figures 146 and 147 present the deformation at the end of test for specimens
prepared with ‘fresh’ and recycled ballast, respectively, subjected to 25 tonne/axle load.
The settlement monitored on the surface of load-bearing ballast layer represents the total
settlement, whereas the deformation measured on the capping layer surface represents
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Figure 146. End of test settlement profile under 25 tonne/axle of specimen
prepared with ‘fresh’ ballast: (a) on top of load-bearing ballast layer; (b) on top of
capping layer
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Figure 147. End of test settlement profile under 25 tonne/axle of specimen
prepared with recycled ballast: (a) on top of load-bearing ballast layer; (b) on top
of capping layer
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the contribution of sub-ballast layer to the total settlement of the model specimen. It
should be observed that independent of ballast type the load-bearing ballast layer
showed a typical bowl-shaped depression at the end of test (Figs. 146(a) and 147(a)).
The settlement is larger under the timber sleeper area, whereas the surrounding zones
showed less deformation.

Furthermore, it should be noted that at some locations

towards the walls of the testing box (especially towards East and West walls) the ballast
layer moved upwards, hence, showing heave. Similarly, the capping layer showed a
bowl-shaped depression (Figs. 146(b) and 147(b)). However, the deformation extent
was considerably reduced in comparison with that displayed by the load-bearing ballast
layer. Independent of ballast type and load intensity, all grid points on the capping layer
surface showed settlement. Using settlement monitored at grid point no 25 on the
surface of capping layer (located under the axial load), the contribution of sub-ballast
layer to the total settlement was estimated. Overall, the data shows that for the ‘fresh’
ballast specimens, more than 60 % of the total settlement was attributed to the
deformation of load bearing ballast layer, whereas for the recycled ballast specimens, 71
% of the total settlement was due to the deformation of ballast layer alone (Fig. 148).
These settlements represent measurements taken beneath the sleeper (eg. under the axial
load). For the similar loading conditions, the difference in the settlement of the capping
layer recorded on both ballast specimens is insignificant.

The trends presented in

Fig. 148 for 73 kN axial load (equivalent to 25 tonne/axle), were duplicated by tests
performed at an axial load of 88 kN corresponding to 30 tonne/axle.

8.2.4 Effect of Number of load Cycles on Vertical/Contact and Confining Pressures
As discussed in Section 5.3.5.2.b load cells were installed at the interface between the
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Figure 148. Ballast and capping layers settlement contribution to the total
settlement (after Ionescu et al., 2004)

timber sleeper and load-bearing ballast and load-bearing ballast and sub-ballast. This
enabled monitoring the variation of vertical pressure with number of load cycles at these
interfaces. Overall, independent of load magnitude and ballast type it was observed that
the contact pressure between the sleeper and ballast layer corresponding to the
maximum applied load (73 kN and 88 kN) was about twice the contact pressure at
ballast/sub-ballast interface as presented in Figure 149. It is interesting to note that as
the number of load cycles increased the contact pressure at sleeper/ballast interface
increased reaching an almost constant value after 10000 cycles of load application. At
the same time, the vertical pressure at ballast/sub-ballast interface decreased up to about
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Figure 149. Variation of contact pressure at the sleeper/ballast and ballast/subballast interfaces for the 30 tonne/axle load test on recycled ballast specimen

10000 cycles of load application, thereafter, showing a somehow erratic behaviour
displaying both increase and decrease in magnitude.

Nevertheless, the observed

variation can be associated with transfer of load from ballast layer to capping layer. At
the beginning of the test, the interparticle contacts are not fully developed and the ballast
does not efficiently perform the load transfer from the timber sleeper to the capping
layer, resulting in higher contact pressure at the ballast/sub-ballast interface. Upon
further loading as the ballast layer becomes more dens new interparticle contacts are
established. Hence, the ballast layer performs better its function transferring the load
from the sleeper to the capping layer at a lower level. The variation observed beyond
10000 cycles of load application (Fig. 149) it is believed to be associated with the
breakage of ballast grains that are in contact with the protective casing of the load cell.
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This variation is not replicated by the load cell installed at sleeper/ballast interface
because the surface of load cell casing it is in intimate contact with the timber sleeper.
The average magnitude of vertical pressure monitored during the tests on both ‘fresh’
and recycled ballast at the above mentioned locations is summarised in Table 40
together with the values calculated employing the analysis presented in Section
5.3.3.3.d. It should be noted that the difference between the computed and measured
values of vertical pressure was smaller (0.7 – 4.5%) at sleeper/ballast interface, whereas
at ballast/sub-ballast interface the difference was larger (7.5 – 15.1%) possibly due to
lower accuracy attribute to the load cell installed at this level (Section 4.3.4.1).
Nevertheless, these differenced are comprised within acceptable limits.

As discussed in Section 5.3.5.3 load cells were installed between the hydraulic jacks and
the test box walls in order to monitor the confining pressure applied to the specimen.
This enabled immediate correction of load applied on the walls so the confining pressure
was basically kept constant during the entire length of test. The difference between
selected confining pressures of 7 kPa on E and W walls and 30 kPa on N and S walls
was less than 1 % as clearly presented in Figure 150.

8.2.5 Strain Characteristics
The ballast settlement data together with settlement plate measurements were used to
calculate the vertical strain (major principal strain, ε1) of the ballast. Figure 151 shows
the major principal strain of ballast against the logarithm of number of load cycles for
both ‘fresh’ and recycled ballast for the range of load used. As expected, recycled
ballast produces higher vertical strain when compared to fresh ballast.
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Table 40. Variation of vertical pressure at sleeper/ballast and ballast/sub-ballast
interface during the dynamic tests
Computed contact pressure

Measured contact pressure

Axle
Ballast/subBallast
Sleeper/ballast
Sleeper/ballas
load
Gradatio
ballast
type
interface
t interface
(t)
n
interface
(kPa)
(kPa)
(kPa)

Bombo
latite

A

Recycled
(Chullora
stockpile)

G

Recycled
(St Marys
stockpile)

F

Ballast/subballast
interface
(kPa)

25

459.6

200.3

451.3

237.4

30

564.6

242.8

569.1

279.4

25/30

459.6/564.6

200.3/242.8

449.2/565.7

205.1/242.5

25

459.6

200.3

447.7

225.5

30

564.6

242.8

538.51

273.34

25

459.6

200.3

439.6

215.4

50

Recycled ballast, Chullora stockpile
30 tonnes/axle, Gradation G, d50 = 38.0 mm

30 tonnes/axle

East wall
West wall
North wall
South wall

Confining pressure, (kPa)

40
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Figure 150. Variation of confining pressure measured on the test box walls for the
30 tonne/axle load test on recycled ballast specimen
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Figure 151. Major principal strains of ballast under cyclic loading

(after

Ionescu et al., 2004)

As indicated in Fig. 151, the major principal strain of ballast, irrespective of the type of
ballast and load level, follows similar trends as those observed for plastic deformation.
Thus, a relationship that resembles Eq. (8.1) may be used to describe the major principal
strains of ballast as follows:

ε1,N = β1(log N)6+β2(log N)5+β3(log N)4+β4(log N)3+β4(log N)2+β5(log N)+ε1,1 (8.2)

where, ε1,N is the ballast vertical strain, N is the number of load cycles, ε1,1 is the vertical
strain after the first load cycle, and β1, β2, β3, β4, β5 and β6 are empirical constants. In
Fig. 151, the solid and dotted lines represent the prediction of major principal strain
using Eq. (8.2).

Needless to mention that the observations made for plastic
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deformations are replicated by the vertical strains of ballast specimens independent of
ballast type and load level.

The intermediate principal strain (ε2) and minor principal strain (ε3) of the ballast were
calculated from the average lateral movement of the vertical walls and initial lateral
dimensions of the specimen. The strain perpendicular to the sleeper is the intermediate
principal strain, while the strain parallel to the sleeper is the minor principal strain.
Figure 152 shows the intermediate principal strain (ε2) data along with the trend lines
(solid and dotted lines) plotted against the logarithm of number of load cycles.
Predictably, the negative sign of (ε2) indicates that the ballast spread upon loading. The
recycled ballast specimens give higher lateral strains compared to the ‘fresh’ ballast,
which is expected due to their reduced angularity. Also, gradation F containing more
crushed gravel grains (35 % by weight) developed slightly higher lateral strains when
compared with gradation G (supplied from Chullora).

Furthermore, a higher load

magnitude caused a higher lateral strain on both ‘fresh’ and recycled ballast. The
increase of load from 73 kN to 88 kN during the test (at 500000 cycles of load) produced
a rapid increase of lateral strain, however, after few hundreds of load cycles the lateral
strain followed the trend observed for higher load (88 kN).

Figure 153 shows the minor principal strain (ε3) data along with the trend lines against
the number of load cycles in a semi-logarithmic scale. Similar to intermediate principal
strain and for the reasons mentioned above, minor principal strain of recycled ballast is
higher than that of ‘fresh’ ballast.

Predictably, in the least confined direction (ie.

perpendicular to the rails), the lateral strains (ε3) are negative (ie. lateral spread or
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Figure 152. Intermediate principal strains of ballast under cyclic loading
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Figure 153. Minor principal strains of ballast under cyclic loading
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extension) and they tend to increase continually with the increasing number of load
cycles. It seems that around 600000 cycles of load the rate of accumulation of lateral
strain (ε3) increased indicating that the lateral flow of ballast is substantial. In the other
lateral direction (ie. parallel to the rail direction), the magnitude of the lateral strain (ε2)
(eg. the extent of ballast dilation) is limited by the increased confining pressure, and
seems to reach an equilibrium towards 106 cycles

The summation of the three principal strains is the volumetric strain of ballast. The
volumetric strains of ballast are plotted in Figure 154 against the number of load cycles.
As expected, ‘fresh’ ballast produces the least volumetric strain, while recycled ballast
shows the highest volumetric strain due to low angularity (less internal friction) of the
late. The overall 35 % increase in the settlement of the recycled ballast is caused by the
combined action of packing of the particles, degradation and considerable lateral spread
(flow) of the ballast under dynamic loading associated with a content of 15 to 35 % by
weight of crushed gravel. The strains at the end of test (after 106 cycles of load) are
summarized in Table 41.

Using the computed values of the principal strains, the shear strains on the ballast
specimens of ballast can be estimated as well. Figure 155 presents the variation of
shear stains for each type of railway ballast and load magnitude.

The rate of

accumulation of shear strains is considerably higher for recycled ballast when compared
with ‘fresh’ ballast. Also an increase in the magnitude of cycled load caused an increase
in the rate of development of shear strains. Once again gradation G performed better
than gradation F due to lower content in crushed gravel, only 15 % by weight as
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Figure 154. Volumetric strain of ballast under cyclic loading
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Figure 155. Shear strain of ballast under cyclic loading
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Table 41. Strains developed by the ‘fresh’ and recycled railway ballast during the
dynamic tests

Ballast type

Bombo latite

Recycled from
Chullora
stockpile
Recycled from St
Marys stockpile

Axle s
Gradation load N=1000000 ε1
(mm)
(%)
(t)

A

ε2
(%)

ε3
(%)

εv
(%)

εs
(%)

25

12.50

4.17

-0.87 -1.08

2.21

3.43

30

15.99

5.33

-1.11 -1.40

2.83

4.39

25/30

15.54

5.18

-1.14 -1.36

2.68

4.29

25

16.88

5.63

-1.17 -1.46

2.98

4.63

30

21.66

7.31

-1.52 -1.92

3.87

6.02

25

15.90*

5.51* -1.20* -1.25* 3.07* 4.49*

G

F

* Note: that only 500000 load cycles were applied on gradation F specimen and these values
correspond to that stage of loading.

compared with 35 % comprised by gradation G. Overall, the trends of shear strains
resemble the one followed by the plastic deformation of ballast. Hence, a similar
relationship can be used to describe the variation of shear strain for both ‘fresh’ and
recycled ballast. It is clear from Fig. 155 that beyond about 600000 cycles of load the
rate of development of shear strains increased significantly indicating that, independent
of ballast type and load level, large shape deformation and particle degradation
developed by the ballast specimens. This correlates very well with observation made on
the behaviour of minor principal strains (ε3).

8.2.6 Resilient Behaviour
As the plastic strain accumulates, regardless of the initial bulk density, the volume of
voids reduces resulting in an increased stiffness of the ballast specimen. The difference
between the total strain under the peak load and the permanent strain after unloading
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yields the elastic strain component. Its magnitude decreases with the number of cycles
and the level of cycled axial force. Therefore, the resilient volumetric strains on ‘fresh’
ballast when subjected to a cycled load of 73 kN was observed to vary from

1.89

x 104 με after the first load cycle, to 57.7 με after 100 cycles, and around 400000 load
cycles reached an almost constant value of 0.028 με. In contrast, the resilient volumetric
strains on recycled ballast for similar test conditions varied from

1.41 x 104 με

after the first load cycle, to 42.8 με after 100 cycles, and around 400000 load cycles
reached an almost constant value of 0.021 με. The trends were duplicated by the ballast
specimens subjected to an 88 kN cyclic load.

The data from the current tests was fit to the ‘contour model’ (Papin and Brown, 1980;
Mayhew, 1983) discussed in Section 3.3.2 and described by the Eqs. (3.24) and (3.25).
The constants employed in the model are summarized in Table 42 for both ‘fresh’ and
recycled ballast. Having the rate of both volumetric and shear resilient strains the secant
resilient bulk and shear moduli, Kr and Gr, were computed using Eqs. (3.26) and (3.27)
defined in Section 3.3.2.

The variation of the secant resilient moduli (Kr, Gr) is

presented in Figure 156 in a double logarithmic scale. As expected, an increase in the
stress level resulted in a higher resilient modulus. It is also obvious from presented
curves that the resilient moduli are highly dependent on the number of cyclic loads
applied.

8.2.7 Particle Crushing
It has been stated already that the degree f grain crushing highly influences track
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Table 42. Constants employed in the ‘contour model’ of resilient characteristics of
both ‘fresh’ and recycled ballast

Ballast type

Gradation

a3
(kPa)

b3

c3

d3
(kPa)

e3

Bombo latite

A

0.0014

0.4285

0.126

1.01x108

0.35

Recycled from
Chullora stockpile

G

0.0026

0.4285

0.126

1.01x108

0.37

Recycled from St
Marys stockpile

F

0.028

0.4285

0.126

1.01x108

0.36

1000

Resilient moduli, Er, Kr, Gr (MPa)

Recycled ballast (Chullora stockpile),
gradation G, d50= 42.2 mm

100

10

Bulk modulus (Kr)
Shear modulus (Gr)
Young's modulus (Er)

25 tonne/axle

Bulk modulus (Kr)
Shear modulus (Gr)
Young's modulus (Er)

30 tonne/axle

1
1

10

100

1000

10000

100000

1000000

Number of load cycles, N
Figure 155. Typical resilient characteristics of railway ballast under cyclic loading
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performance. The degradation of grains due to interparticle attrition, chipping of edges
at inter-grain contact, and partial or complete fracture of the weaker grains is a complex
and continuous process.

Therefore, the crushing associated with cyclic loading of

railway ballast was investigated as well.

To separate the degradation of load bearing (structural) ballast from the crushing of crib
ballast, thin geotextile insertions were placed at the sleeper/ballast and ballast/capping
interfaces as discussed in Section 5.3.5.2. Four specimens of ‘fresh’ ballast prepared to
gradation A, were subjected to a maximum cyclic load of 73 kN, with the tests being
performed up to predetermined number of cyclic load, ie. 50000, 100000, 500000 and
1000000 cycles of load. This enabled the evaluation of the extent of ballast degradation
with the number of cycles of load.

Each section of ballast specimen was carefully removed at the end of the test and
subjected to sieving. The technique employed to quantify the extent of grain breakage is
similar to that used for monotonic tests. The variation of the particle breakage index
with the particle size and ballast type is presented in Figure 157.

As illustrated in Fig. 157, the breakage affects mainly the larger grains (> 26.5 mm). As
expected, the degradation phenomenon is more pronounced for the recycled material
than for the fresh ballast. This could be the result of a small percentage of weaker grains
(eg. sedimentary rock from cut in the escarpment) or due to presence of microfissures in
the recycled ballast particles. Furthermore, the magnitude of the breakage index for
fresh ballast is larger for the 53 mm grains fraction (owing to
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Figure 157. Change in particle size distribution in the prismoidal triaxial rig at

N

= 1000000 cycles

breakage of sharp edges). For the recycled ballast the 37.5 mm grain fraction exhibits
larger particle degradation. Smaller particles seem to suffer an insignificant degree of
degradation. However, the magnitude of the breakage index varied from 1.51% for fresh
ballast to 2.76% for recycled ballast subjected to similar test conditions, resulting in an
87% increase in particle degradation.

Figure 158 presents the variation of particle breakage index with the number of cyclic
load application. The monitored data was best fit by a power relation ship of the form:

B g = A 9 (N)
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Figure 158 Variation of particles crushing index with the number of load cycles

where Bg is the particle breakage index, N is the number of cyclic load application to the
end of test and A9 and B9 are empirical constants. The following values were found for
the empirical coefficients based on the limited data collected 0.05 for A9, while B9 is
0.25, respectively. It should be noted that A9 is the magnitude of breakage index after
the first load cycle. The magnitude of the breakage index for the terminal number of
cyclic load number is summarized in Table 43. It is speculated that the magnitude of
coefficient B9 would be affected by the cyclic load amplitude and the type of ballast
tested. The breakage index after the first load cycle was estimated by extrapolation from
compaction trials assuming that no degradation occurs during one cycle of load.

8.3 CONCLUDING COMMENTS
The behaviour of ‘fresh’ and recycled railway ballast was investigated under dynamic
loading conditions using a novel large-scale prismoidal triaxial tests.
confirm that:
371

The results

Chapter 8:

Presentation and discussion of results of dynamic loading tests

Table 43 Grains breakage index for ‘fresh’ ballast recorded at various number of
cyclic load application
Ballast type

N

Gradation
50000

•

100000

500000

1000000

Bombo latite

A

0.05

0.91

1.36

1.51

Recycled from
Chullora stockpile

G

-

-

-

2.74

Recycled from St
Marys stockpile

F

-

-

2.47

-

independent of type of ballast the deformation and degradation of railway ballast is
determined by the loading conditions;

•

independent of loading conditions and ballast type the settlement varies with the
number of load applications following a non-linear function; this could be associated
with the complex packing and crushing of the ballast grains;

•

a rapid settlement rate (stabilisation) was exhibited initially by both ballast samples
followed by a gradual consolidation with the increasing number of cycles, however at a
diminishing rate;

•

settlement monitored on the surface of load-bearing ballast and sub-ballast layer was
higher at locations found directly under the sleeper segment, whereas the surrounding
zones showed lower settlement; also heave was monitored at some locations on the
surface of load-bearing ballast;

•

the degradation and deformation of both types of ballast contributed the most to the
overall settlement measured at sleeper level on the modelled track section;

•

the vertical pressure developed at sleeper/ballast interface was larger than that
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measured at ballast/sub-ballast interface;
•

the behaviour observed for the recycled ballast during the CID triaxial tests were
confirmed by the results from dynamic cubical triaxial tests; the extent of settlement,
lateral flow and degradation were larger for the recycled ballast specimens than those
measured for fresh ballast for the same loading conditions;

•

overall, coarser grain fractions (53-37.5 mm) underwent most crushing, while the
particles less than 15 mm experienced insignificant breakage;

•

the degradation increased with the number of load cycles following a non-linear
function;

The unique prismoidal triaxial cell specially designed and constructed for this study
allows lateral movement of the ballast, besides an unconfined crib ballast surface.
Therefore, it provides a more realistic settlement prediction of the ballast bed for the
various loading patterns and associated particle degradation.

The current study identified the advantages (an initial reduced supply cost and the
obvious environmental implications of preserving natural resources) and the
disadvantages (larger volumetric deformation during shear with implications on the
strength at low confining pressure expected in the shoulder and crib ballast) of using
recycled ballast for railway tracks construction. Therefore, it might be suitable for lower
part of the load bearing ballast layer where the confinement is higher. In addition, the
settlement, lateral flow and degradation of recycled ballast could be minimised by geotextile/geo-grid inserts at the ballast-capping interface. This is discussed further in
Chapter 9.
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CHAPTER 9
CLOSING DISCUSSION, CONCLUSIONS
AND RECOMMENDATIONS
9.1 INTRODUCTION
In Section 1.3, the aim of the research project was stated, along with a number of
specific objectives. This chapter summarises how the results of the monotonic and
dynamic testing have addressed the objectives and discusses the implications of the
work with respect to the behaviour of the track bed. The consequence of the findings on
the design and maintenance of railway tracks is also discussed.

9.2 RESEARCH OBJECTIVE 1
Investigation of the general stress-strain behaviour of modeled ballast under different
stress conditions. The influence of test conditions, confining stress, effect of particle
size distribution and the effect of relative density on the stress-deformation-degradation
374

Chapter 9:

Closing discussion, conclusions and recommendations

behaviour of ballast material studied using conventional triaxial compression and
consolidation tests.

Overall, the railway ballast behaves like a typical granular media. The results confirm
that the amplitude and type of loading (constant, variable and repeated) determine the
extent of the short-term settlement. A rapid loading at a higher amplitude caused larger
initial settlements.

The long-term settlement was not affected significantly by the

loading pattern being mainly affected by the higher load amplitude employed. The
number of load repetition affects the rate at which the deformation (plastic and elastic)
accumulates.

The stress-strain curves are non-linear due to complex processes of packing and particle
degradation upon loading. The curvature is more pronounced at lower level of lateral
support (confining pressure). The deformation and shear behaviour of latite basalt at
low levels of confining pressure (< 100 kPa) depart significantly from its behaviour at
larger confining pressure (240 kPa). Hence, the lateral deformation monitored in the
laboratory and which correlates with the lateral flow of ballast in the track, is higher at
lower level of confining pressure. The shear strength and the crushing of particles are
mainly influenced by the particle size distribution, angularity of grains, and the degree
of packing or initial density. It is anticipated that ballast with a broader gradation and
compacted densely will undergo a greater degree of degradation upon loading.

The initial packing affects both short and long term settlement for a given loading
condition. In fact, the increase in the degree of compaction would considerably reduce
the initial and final settlement, irrespective of the loading pattern. Hence, during this
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study 11% reduction of the initial bulk unit weight resulted in a 65-67% reduction in the
plastic strains. Therefore, in practice, the initial density of the ballast must be optimised
as high as practically possible, but without imparting too much energy, which causes
ballast particle breakage. It must be recognised that providing a uniform optimum
compaction along a new railway track would minimise differential settlements upon the
passage of trains, irrespective of the loading pattern.

During 1-D compression the ballast specimen is subjected to high level of confinement
that simulates loading conditions on a section of a ballasted railway track on a bridge
deck.

The results of tests clearly indicate that, when subjected to high level of

confinement, the settlement increases with the number of loading-unloading cycles,
according to a logarithmic function representing the number of cycles, the normal load
amplitude and the initial compaction.

The settlement of ballast is observed to occur in three distinctly different stages.
Initially, rapid settlement takes place as particles compact upon loading, thereby
increasing the interparticle contact area. With further loading, primary breakage of
highly angular particles takes place as their corners fracture due to increased stress
concentration, indicating a gradual consolidation process with time or with the number
of load cycles. The final phase is related to secondary breakage of less coarse particles
at increased load amplitude or number of cycles, whereby additional but small
settlements continue to occur at a diminishing rate. Upon unloading, independent of
gradation, load amplitude and loading pattern all specimens showed significant
irrecoverable (plastic) strains, which translate to permanent track deformations in the
field.
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Addition of water to the latite ballast during the loading process affected both its
deformation and degradation characteristics. An initial sudden settlement is expected
when a dry specimen of ballast is saturated under load. This is partly due to the reduced
interparticle friction leading to a more compact state, as well as due to material softening
promoting further degradation. On the basis of the results of this study, it can be
concluded that up to 40% of the total settlements can be caused by flooding. This
implies that low-lying tracks, which can often get flooded during heavy precipitation
should be designed to withstand greater settlements than those constructed at higher
elevations. Nevertheless, undrained conditions attract an increase in the rate at which
the degradation occurs, increasing the maintenance costs.

This is of practical importance in the field, because, railway tracks are often subjected to
heavy precipitation, and sometimes they encounter partial submergence under poor
drainage. Consequently, the behaviour of ballasted foundations under sudden saturation
should be considered in design in a settlement control problem.

Observations made by many researchers (Fumagalli, 1969; Frassoni et al., 1982; Lee,
1986) show that the stress-strain curve for the initially dry then saturated sample follows
the curve for the initially dry sample then it transforms to follows the curve of the
initially saturated sample after saturation at the particular level of the maintained stress.
Considering these observations, then, it is possible that the maximum settlement
(10.1 mm) recorded for the dry/saturated specimen to be displayed by a saturated
specimen at the end of a CLI compression test (eg. after 24 hours).

Irrespective of the loading pattern, the ballast degradation was less in the bottom layer
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of specimen in comparison with the top layer. Similar situations have been encountered
in railway tracks, where measured stresses decrease from the top (ie. near the ballastsleeper interface) to the bottom of ballast bed. The breakage of saturated particles is
generally larger closer to the surface on which the axial (compressive) load is applied.

9.3 RESEARCH OBJECTIVE 2
Assessment of the applicability of simple existing stress-strain models to simulate the
mechanical behaviour of ballast in both loose and dense states.

This entails an

experimental study to investigate the behaviour of ballast in 1-D compression and
drained and undrained shear. Where warranted, modifications are made to existing
constitutive models of granular media such as rockfill or sand to simulate the accurate
ballast behaviour.

The test results of 1-D compression indicate that the deformation mechanism of latite
ballast at low stress levels (applicable to railways) can be described by the volume
change (elastic and plastic) resulting from the compression of the ballast structure. A
new model was proposed to describe the one-dimensional strain response of ballast upon
axial loading, defined by two parameters, namely, the void ratio and the apparent
stiffness. These parameters represent the intercept and the inverse of the slope of the
implied linear relationship between the void ratio and the axial stresses. This model is
useful in the estimation of the settlements of ballast specimens subjected to static
loading. It should be noted, that although this model does not allow for the additional
deformation due to flooding the model describes quite accurately the (plastic and elastic)
behaviour of dry ballast at low stress level (p’).
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The effect of particle size on the stress-strain behaviour of railway ballast during triaxial
tests is significant for lower range of confining pressure employed in this research.
Specimens having a larger Dmax displayed higher shear strength, but at the same time are
prone to higher level of deformation and degradation.

The angle of internal friction is a function of the confining pressure and decreases from
77.8° to 49.9° as the confining stress increases. Specimens prepared at a higher initial
unit weight (16.1-16.6 kN/m3) showed higher angle of internal friction. Also, specimens
having a larger Dmax (75 mm) had displayed higher angle of internal friction (77.8°). At
the same Dmax (53 mm), specimens containing more grains fractions (gradation C and E,
d50C,E = 30.3 mm) developed higher angle of internal friction.

The initial deformation modulus can be increased substantially by a less than
proportional increase in the confining pressure, especially at the lower stress range (1 100 kPa). This suggests the importance of efficient track maintenance by ensuring a full
and compacted crib between the sleepers and high shoulders at all times.

Although the curvature of the failure envelope can be described by, the relation
introduced by de Mello (1977) a non-dimensional failure criterion proposed by
Indraratna et al. (1993) for rockfill materials proved to fit well the test data. This
strength criterion incorporates the (uniaxial) compressive strength of the parent rock and
can be used for preliminary design.

Experimental data have also shown that the enhanced dilatant behaviour of ballast
during shearing at low σ3’ is associated with an increase in the maximum principal stress
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ratio. Moreover, the rate of dilatancy is related to the degree of particle degradation. At
high σ3’ values where dilation is suppressed, the breakage index, Bg increases
substantially and it was larger for coarser gradation (Dmax = 75 mm).

Although the applied stresses in a triaxial cell are uniform, the laboratory results
indicated that a greater degree of particle crushing occurred within the top part of the
ballast specimen. It is difficult to predict the degradation mechanisms of ballast upon
loading, mainly because of its highly inhomogeneous nature. The breakage of ballast is
not only a function of the applied deviator stress and confining pressure, but it is also
related to the excessive contact stresses generated within the body of angular particles.
In the field, greater axial stresses near the surface tend to cause significant breakage of
ballast just beneath the sleepers. Also, the confining pressures are never uniform with
depth in the track. Considering the two different stress states in the laboratory and in the
field, it is difficult to extrapolate directly the particle degradation data obtained in the
triaxial chamber to the field situations.

Upon loading-unloading-reloading, the specimens developed higher stiffness with each
repeat of this process. Therefore, for the same level of confinement and the same
gradation, the ballast specimens failed at a higher axial load at an overall reduced
volumetric deformation.

The shapes of the undrained stress paths are somewhat similar to each other. However,
they cannot be normalized (Fig. 133) with respect to the pre-shear consolidation stress
(po) in the stress range of 60 – 240 kPa. The shear strain during undrained tests is
dependent on both the stress ratio and mean normal stress. The trends in Fig. 135
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indicate that the hyperbolic fit, commonly used to describe the variation η - εs of
normally consolidated materials, would not properly describe the behaviour of railway
ballast during undrained shear.

The variation of pore water pressure and the stress ratio during undrained tests
(Fig. 136) depart from the bilinear trends with intercepts in the η-axis observed for sand
and rockfill material (Bishop, 1966; Lee, 1986). This different behaviour is due to
extensive degradation that railway ballast having a uniform gradation underwent during
the undrained shear test when compared with broader gradation of both sand and
rockfill.

The shear strength displayed by the ballast specimens subjected to undrained shear is
lower than that of specimens sheared in drained conditions. However, the shear strains
and the degradation of grains are slightly higher, highlighting once more the detrimental
effect that undrained conditions have on the track performance.

9.4 RESEARCH OBJECTIVE 3
Design of a true triaxial (prismoidal) test rig in order to model entirely the in-track stress
and strain path. Large-scale cylindrical and prismoidal triaxial testing are expected to be
the most appropriate in order to arrive at a better understanding of the complex
phenomenon of ballast deformation and degradation under complex dynamic loading.
The effect of material geotechnical parameters that affect ballast behaviour also needs to
be quantified.

The novel triaxial testing rig was designed to eliminate the short fall of the conventional
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testing equipment (consolidation cell and cylindrical triaxial apparatus).

The true

triaxial prismoidal rig with movable sides accommodates large specimens,
800x600x600mm. The axial load is applied via a servo-hydraulic actuator through a
steel ram to a sleeper segment. In turn the sleeper segments transmits the vertical load to
the ballast and capping layers as in the field. A system of hydraulic jacks provide the
intermediate stress, σ 2 and the minor principal stress, σ 3 (ie. lateral confining pressures)
which are continuously monitored with load cells attached to the sides of the triaxial
box. The fully instrumented equipment enables the measurement of vertical pressures at
different depths inside the ballast bed, lateral pressure developed within the ballast layer,
and the vertical and lateral displacements of the ballast specimens upon loading.

The tests performed in the new testing rig provided additional information regarding the
ballast deformation and degradation characteristic when subjected to cyclic loading.
The plastic deformation is dependant on the amplitude of cyclic load and accumulates at
a decreasing rate with the number of load applications. The fragmentation of grains is a
continuous process that needs to be accounted for in the relationship adopted to describe
the settlement characteristics. The resilient (recoverable) deformation shows similar
trends as permanent deformation, ie. decreases with each load cycle. However, at
around 400000 cycles of load it reaches a constant value, hence, resilient behaviour is
established. The degradation increases with the number of cycles of load applied. From
the limited collected data it seems that the breakage index follows a logarithmic
relationship with the number of load application.

9.5 RESEARCH OBJECTIVE 4
Evaluation of the geotechnical characteristics and the construction potential of recycled
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railway ballast. Experimental work is carried out to establish the effect of confining
pressure, particle size distribution, mineralogy and relative density on the deformation
and degradation of recycled material. The laboratory results of recycled ballast are
compared with those of ‘fresh’ quarried ballast in order to determine the feasibility of
using recycled material in the construction of railway tracks.

The recycled ballast supplied from two stockpiles (Chullora and St Marys) was
subjected to both cyclic triaxial testing and true triaxial testing to identify its potential to
be used for the construction of railway tracks. The recycled material was a mix of
crushed rock, crushed river gravel, sleeper or drainage rubble and rock fragments from
the cutting in formation.

The preliminary classification testing on recycled ballast indicated that its grains are
relatively hard and tough.

The only concern was the reduced angularity and the

subrounded shape of crushed river gravel that was present in proportion of 15 – 35 % by
weight in the composition of recycled ballast. Therefore, particular attention was given
to the deformation characteristics of recycled ballast.

The shear strength developed by the recycled ballast for the same test conditions and
similar gradation was lower when compared with ‘fresh’ ballast.

However, the

displayed deformations (vertical and lateral) were higher, due to lower angularity and
fair amount of crushed river gravel. Furthermore, the recycled ballast displayed higher
breakage index when compared with ‘fresh’ ballast for the duplicate tests.
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9.6 RESEARCH OBJECTIVE 5
Assessment of aspects of in field ballast degradation at various locations in NSW.
Evaluation of the degree of ballast failure and formulation of a fouling index to classify
the degradation level of in service ballast that can be employed in a better prediction of
ballast life and maintenance cycles.

A large number of field samples supplied from various locations displaying different
degree of fouling were subjected to sieving to determine the change in the particle size
distribution of field samples.

Fouling classification criteria were based on the

AS-2758.7-1996 specification. Therefore, grains finer than 13.2 mm were defined as
contaminants. Highly fouled ballast from the field contained more than 40 % by weight
fines, whereas clean ballast contained less than 0.2 % fines.

A fouling index, defined by the ratio D90/D10, was proposed to estimate the extent of
contamination with fines (grains finer than 13.2 mm). The proposed fouling index
together with selection criteria imposed by the Australian Standards were used to
classify the field samples into fouling categories.

Furthermore, the rate of fouling of ballast on a given track section can be estimated if the
average fouling index for a determined time interval from a reference event was
considered. Then using the fouling limit for highly fouled ballast the life expectancy of
ballast layer for the given track section is determined.

9.7

CONCLUSIONS
Listed below are the major conclusions that can be drawn from this work. Conclusions
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from Chapter 6, 7 and 8 are listed separately. It should be noted that some conclusions
associated with monotonic and cyclic testing overlap to some extent.

9.7.1 Degradation of Ballast in the Field
The fouling index and the classification criteria proposed here to establish the degree of
fouling of a given sample supplied from the field have the following advantages:
•

Do not required knowledge of the original particle size distribution of the track;

•

They account for the drainage characteristics of the ballast in the railway track;

•

They consider the resilient behaviour of ballast layer;

•

Can be easily employed to estimate the life expectancy of ballast for a given section

of railway track.

9.7.2 Monotonic Loading and Repeated Loading Tests
•

Ballast behaves like an elasto-plastic material independent of the test conditions,

grains characteristics and level of initial packing;
•

Loading pattern and amplitude affect the short-term deformation and to some extent

the degradation characteristics of ballast;
•

Long-term deformation is dependant on the largest load applied;

•

The rate of deformation accumulation, long-term settlement and extent of grains

crushing decrease with the increase of initial packing;
•

There is a direct correlation between plastic deformation, the resilient modulus

developed by a specimen during the test and the number of load repetitions;
•

The level of confinement affects the shear strength, deformation (volumetric and

shear) characteristics, initial stiffness of ballast and the extent of particle fragmentation;
•

The railway ballast follows the CSSM rules and independent of the drainage
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conditions during the test the displayed trends are characteristic to highly
overconsolidated materials due to the compaction effort applied on preparation;
•

The undrained conditions during any test type decrease the shear strength of ballast

and increase the volumetric and shear strains, and the extent of ballast degradation;
•

Upon unloading the recovered deformations are much lower than permanent

deformation, hence the modulus of elasticity is much higher than at the initial stage of
loading;
•

Repeated loading results in increased stiffness of the ballast specimen which causes

increased shear strength, reduced strains and lower degree of particle degradation;
•

Gradations having a higher maximum particle size develop higher shear strength at

higher strains and particle fragmentation;
•

For similar test conditions, gradations having the same maximum particle size, but

containing a larger number of grains fractions (broader gradation) developed higher
shear strength at higher volumetric and shear strains and larger extent of aggregates
degradation;
•

In similar testing conditions and for the same gradation, the recycled ballast

displayed lower shear strength, higher volumetric and shear strains, and an increased
degree of grains crushing;
•

The uniform gradation specific to railway ballast gives its characteristics behaviour

especially at lower level of stress typical for field conditions, is the result of uniform
gradation specific to this material; this results in excessive grains degradation, which
needs to be accounted for in any given loading situation;
•

Degradation degree is higher closer to the load application (upper part of the

specimens) and mostly affects the coarser fractions (grains size 26.5 – 75 mm) in any
given gradation.
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9.7.3 Dynamic Loading Tests
•

Under true triaxial loading conditions, independent of the amplitude of cyclic load

and grains characteristics or type of ballast, the railway ballast behaves like an elastoplastic material, displaying both permanent and recoverable deformations when the load
is removed;
•

The uniform gradation specific to railway ballast gives its characteristics behaviour

especially at lower level of stress typical for field conditions, is the result of uniform
gradation specific to this material; this results in excessive grains degradation, which
needs to be accounted for in any given loading situation;
•

The amplitude of cyclic load affects both the short and the long term deformation

(elastic and plastic);
•

The degradation characteristic of ballast is independent of ballast type, but, depends

on the amplitude and number of cyclic load applications;
•

Long-term deformation (elastic and plastic) displayed by all ballast specimens is

dependant on the number of cyclic loads applied;
•

The rate of deformation accumulation, hence, the long-term volumetric and shear

strains, and extent of grains crushing decrease with increase of number of cyclic load
applications;
•

Independent of the ballast type, there is a direct correlation between plastic

deformation, the resilient modulus developed by a specimen during the test and the
number of load repetitions;
•

In similar testing conditions and for the same gradation, the recycled ballast

displayed higher volumetric and shear strains, and an increased degree of grains
crushing;
•

For any given gradation, for similar loading conditions, the grains degradation is
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higher for the coarser fractions (grains size 26.5 – 75 mm).

9.8 RECOMMENDATIONS
The work carried out has highlighted several gaps in the knowledge of the behaviour of
ballast media. Although the current research has provided valuable information on
varied aspects of ballast behaviour the investigation of railway ballast is far from being
finalized. It is felt that the aspect discussed in the following section require further
examination.

9.8.1 Further Work
9.8.1.1 1-D Compression
•

The effect of load level on particle degradation;

•

The effect of grain characteristics and ballast type on the breakage index of ballast.

9.8.1.2 Cylindrical Triaxial Tests
•

The behaviour of railway ballast during CIU test at very low confining pressure

(< 60 kPa) to confirm the behaviour of ballast observed at higher confining pressure (60
kPa, 120 kPa, 240 kPa);
•

CIU tests for different ballast types and grains characteristics under the whole range

of confining pressure (< 240 kPa) to incorporate these aspects in the behaviour of
railway ballast;
•

Anisotropic consolidation of ballast at varied constant stress ratio path and on

different ballast types to investigate the position and dependence of yield loci on these
variables;
•

The behaviour of railway ballast under axi-symetric cyclic loading at different
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cyclic load frequencies and amplitudes, as well as varied number of cyclic load
applications on varied ballast types; this enables quantifying the effect of variation of
these parameters on the volumetric and shear strains and degree of particles
fragmentation.

9.8.1.3 True Triaxial Tests
•

The effect of grain characteristics on the deformation and degradation aspects of

ballast for the load frequency and amplitude used in this study;
•

The effect of different cyclic load frequencies on plastic and resilient volumetric

and shear strains;
•

Variation of particles degradation with the cyclic load frequency;

•

The effect of varied lateral confining pressures on the plastic and resilient

behaviour of ballast;
•

Variation of degradation with the number of load cycles and load amplitudes for

varied ballast types and grain characteristics;
•

Variation of deformation and degradation behaviour of varied types of ballast

having different grain characteristics, when loaded in undrained conditions;
•

The effect of reinforcing the recycled ballast on the deformation and degradation

aspects employing various types of geotextiles in different drainage conditions;
•

The effect of various sub-ballast and subgrade types on the deformation and

degradation characteristics of railway ballast.

9.8.1.4 Field Investigation
Most of the data collected from this research was obtained from laboratory experiments
dealing with deformation and degradation of railway ballast obtained apparatus with
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rigid bases. The true triaxial test setting is an exception as the ballast layer was placed
on top of a sub-ballast layer. This fact is acceptable as a starting point in a research of
this caliber. However, it is important that the research to be extended to field condition
and investigate how the behaviour of railway ballast layer is affected by factors such as
variable stiffness for sub-ballast layers associated with different field densities, variation
of subgrade characteristic along a railway track in both cut and fill.

9.8.2 Further Development of the Testing Equipment
During the testing program for this research several equipment shortfall were exposed.
As a result, a longer testing time was necessary in order to cope (to a certain level) with
them while performing the tests. Therefore, a friendly use of the testing equipment and
in order to shorten the time necessary to perform the tests the following improvements
are necessary to be carried out on the existing testing rigs:
•

Installation of an automatic data collection for consolidation cell;

•

Fitting a cyclic loading facility to the consolidation cell;

•

Setting up an automatic data collection for the cylindrical triaxial equipment;

•

Putting in a cyclic loading facility to the cylindrical triaxial equipment;

•

Installation of a computerized data collection facility to the true triaxial testing rig;

•

Sealing the inside of triaxial prismoidal to enable performing undrained tests on the

specimens.
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Dartec Console Legend (Fig. A1):
1. Supply On/Off Switch
2. Force Indicator
3. Meter Selection Switch
4. Peak/Mean Selection Switch
5. Meter Frequency Range Switch
6. Peak Reset Controls
7. Monitor Sockets
8. Zero Controls
9. DC Output Sockets
10. Control Selection Buttons
11. External Feedback Socket
12. Mean Level Potentiometer
13. Mean Level Potentiometer Range Switch
14. Limit Load
15. Valve Signal Indication
16. Valve Bias Adjustment
17. Gain Adjustment
18. External Command Input
19. External Programme Attenuator
20. Internal/External Command Selection
21. Oscillator Waveform Selection
22. Stop/Run Switch
23. Preset Switch
24. Frequency/Rate
433
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25. Ramp Hold Switch
26. Monitor Socket
27. Cycle Counter
28. Counter Range Switch
29. Reset Button
30. Stopped Light
31. Tripped Light
32. External Trip Contacts
33. Oscillator/Pump Switch
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